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SUMMARY OF LATERAL-CONTROL RESEARCH 
By Langley Research Department 
Compiled by Thomas A. Toll 


SUMMARY 


A summary has been made of the aval laole information 
on. lateral control. A discussion is given of the criterions 
used in lateral-control specifications , 0.1 the i.act'ors 
involved in obtaining satisfactory lateral control, and 
of the methods employed in making lateral— control investi- 
gations in flight and in wind tunnels. The available data 
on conventional flap-type ailerons having various types 
of aerodynamic balance are presented in a form convenient 
for \ise in design. The characteristics of spoiler devices 
and booster mechanisms are discussed. The effects oi 
Mach number, boundary layer, and distortion of the wing 
or of the lateral-control system are considered insofar 
as the available information permits. An example is 
included to illustrate the use of the design data. The 
limitations of the available information and some of 
the lateral-control problems that remain to be solved 
are indicated. 


INTRODUCTION 


The lateral-control research that had been conducted 
by the NACA prior to 1937 > and that was summarised in 
reference 1, was. concerned primarily with the design of 
lateral-control devices having sufficient effectiveness 
to enable the pilot of an airplane to keep the wings 
level at all normal flight speeds. In order to meet that 
condition large rolling -moment coefficients are required 
only at speeds approaching the stall; consequently , the 
provision of adequate rolling performance is principally 
a problem ©f the size ©f the device , the aerodynamic 
balance being of only secondary importance even for 
moderately large airplanes. 
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Between 1957 and 19*4-1 a study was made of the 
lateral-control characteristics of a large number of 
combat and noncombat airplanes. The results of that 
study, reported in reference 2, indicated that the pro- 
vision of lateral control that is sufficient only to 
keep the wings level is inadequate, and that a certain 
minim* an standard of rolling performance i3 desirable 
for any type of airolane, even at high speeds. Subsequent 
experience has indicated that combat airplanes may be 
required to perform rapid rolling maneuvers near maximum 
speed. The problem of providing aerodynamic balance for 
light control forces at high speeds therefore has become 
at least as important as the problem of providing adequate 
effectiveness of the lateral-control device . 

In order to meet the requirements for light control 
forces the designer has the choice of relying entirely 
either on aerodynamic balance or on some form of booster 
mechanism, or of combining a booster mechanism of low 
capacity with a small amount cf aerodynamic balance. In 
axij case, the control forces cf fighter alrolanes of 
average size may have to be reduced, oy amounts corre- 
sponding to as much as 95 percent cf the unbalanced 
aileron hinge moments (reference 5)» Some of the con- 
siderations relating to the provision of light control 
forces, as well as to other lateral-control problems, 
are discussed in reference k. 

The purpose of the present paper is to summarize 
rather completely the available information on lateral 
control, to point out the limitations of the available 
information and to indicate seme of the problems that 
remain to be solved. No new investigations were 
attempted in preparing the present paper, although some 
of the data and analyses have not previously teen 
published . 

The symbols used in presenting the results are 
defined in the appendix. Figures that give data for use 
in design are listed in table I. 
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I-CRITERIONS USED IN 
CONTROL SPECIFIC 


In order to apply the results of 
experimental studies to the design of 
control devices, the requirements for 
control must he specified exactly. Lateral-control 
specifications have been limited to the unstalled flight 
range because the characteristics at and above the stall 
usually are very erratic. The lateral behavior in stalled 
flight usually is included in considerations of stalling 
characteristics , 

The first comprehensive set of lateral-control 
specifications, which represent the present NACA recom- 
mendations, was published in reference 5 . The present 
lateral-control specifications of the Air Technical 
Service Command, Army Air Forces, (reference o) and of 
the Bureau of Aeronautics, Navy Department, (reference 7 ) 
are Identical with each other. In the following paragraphs 
the significance of the various criterions used in 
specifying lateral-control characteristics is discussed. 


LATERAL- 
A T I 0 N S 


theoretical and 
satisfactory lateral- 
satisfactory lateral 


ROLLING PERFORMANCE 


Criterions that have been proposed for specifying 
the rolling performance of an airplane have been based 
on the time required to attain a given angle of bank, 
the maximum rolling velocity, the lateral movement of 
the center of pressure C^/Cp, and the wing-tip helix 
angle pb/2V. Each of these criterions is subject to 
certain" limitations . The results of the investigation 
described in reference 2 and some analytical scuoies 
have indicated, however, that the criterion based 
on pb/2V is the most convenient and can be used to 
specify satisfactorily the rolling performance. The 
value of this criterion is independent of altitude 
for given aileron deflections and is independent of 
airplane size for geometrically similar airplanes. 

Because the maneuvering qualities of fighter air- 
planes are determined by the maximum rate of roll or by 
the time required to reach a given angle of bank, the 
values of pb/2V required of such airplanes may be 
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considerably higher than the values of pb/2 V considered 
sufficient for transport or trainer airplanes. The 
maneuverability of a fighter airplane near maximum speed 
is of course very important, but because of considera- 
tions of the airplane structure and of the control 
forces the values of pb/2V required at high speeds 
cannot be as large as the values of pt/2V required at 
moderate speeds . 

For a given value of pb/2V, the rolling velocity p 
approaches zero as the airspeed approaches zero and may 
become very large at very high airspeeds. For autogiros 
or for other low-speed aircraft an a.lditional requirement 
may specify that a minimum value of the product pb be 
obtained. For airplanes capable of very high speeds, 
the maximum required rolling performance may be deter- 
mined by the maximum value of the rolling velocity p 
that is desired by the pilot. 

A specification of the aileron effectiveness required 
for maintaining lateral trim in all flight conditions may 
be desirable for airplanes that might be subjected to 
extreme asymmetrical power conditions or for airplanes 
having high positive effective dihedral, which may 
exist at high lift coefficients when a large amount of 
sweepback is employed. 


CONTROL FORCES 


Tests of numerous airplanes have indicated that for 
all flight conditions the aerodynamic forces should be 
large enough, compared with the static friction force, 
to return the control stick or the control wheel approxi- 
mately to neutral when it is freed and that the forces 
at high speeds should not be so large that the pilot is 
unable to attain the specified value of pb/2V. The . 
type of f'orco variation within these limits is relatively 
unimportant, but the force shoi'ld never decrease to the 
value of the static friction except near the neutral 
control setting. It is desirable, however, that the 
force should centime to increase smoothl'y with increasing 
deflection. From considerations of the structural integ- 
rity of the airplane it is desirable that the control 
deflection at high speed be limited by control forces 
to values within the structural design limitations. 
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STICK OR WHEEL TRAVEL 


In order to provide snail control forces, the stick 
or wheel travel should be as large as possible sc that 
a high mechanical advantage is obtained. The stick or 
wheel travel usually is restricted however for ease of 
operation or because of space limitations ; that is, the 
lateral displacement of a control stick is limited by 
interference with the pilot’s leg freedom or by the 
cockpit width, and the motion of a wheel-type control 
is limited to the arc through which the wheel can bo 
turned comfortably with one hand. Large increases made 
in the angular travel cf a control wheel to provide 
light control forces have been found very undesirable. 


AL VERGE YAW 


Adverse yaw should be considered in the requirements 
for lateral control because the changes in heading that 
accompany the use of ailerons may be annoying to the 
pilot, because the directional stability during steady 
yawed flight may be reduced when the adverse yaw is 
excessive, because yaw reduces the rolling velocities 
unless the rudder is skillfully coordinated with aileron 
movements, and because the rudder forces required to 
counteract adverse yaw may be excessive. Some flight 
investigations and the analysis of reference 8 have 
indicated that, for highly maneuverable airplanes, critical 
vertical- tail loads may result from rolls out of accel- 
erated turns or pull-outs unless high sideslip angles 
are prevented. 

As indicated by the analysis presented in refer- 
ence 9 the induced adverse aileron yawing-moment coef- 
ficient is directly proportional to the lift coefficient. 
The critical condition for investigating aileron yaw, 
therefore, is near the stalling speed. Requirements for 
lateral control usually specify the maximum angle cf 
sideslip resulting from the use of the lateral-control 
device that may be tolerated. 

LAG IN RESPONSE 

Any lag In time between the deflection of a control 
and the resulting airplane motion is objectionable to 
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the pilot. Lag nap bo dangerous, because it may cause 
the pilot to overcontrol the airplane. Specifications 
designed to eliminate lateral- control devices with 
objectionable lag characteristics limit the interval 
between the time when the lateral-control device reaches 
full deflection and the time when maximum rolling accel- 
eration is attained. The permissible lag some.times is 
given as a function of the speed and the size of the 
airplane . 


C Of m CL- FREE STAB I LITY 


Although the problem of control-free stability has 
presented little difficulty in the design of ailerons in 
the past, some tendency toward instability has been 
exhibited by a few recent aileron designs. The problem 
is of greatest significance for large airplanes or for 
high-speed airplanes for which the ailerons may be 
essentially free even though the pilot has net released 
the control. Requirements for control-free stability 
specify that when the control is released after a sudden 
deflection, the ailerons must return to their trim posi- 
tions and any oscillations must be heavily damped. 


II - FACTORS INVOLVED IN THE 
LATERAL-CONTROL PROBLEM 
LATERAL XL AN' JU V i'RAB ILITY 
Concept of Lateral Maneuverability 


In the present paper the term "lateral mane uverabi Hit y” 
is considered to involve those characteristics of an air- 
plane in flight that affect the pilot’s ability to 
produce a roiling velocity. This concept of lateral 
maneuverability therefore includes the rolling moment as 
affected by the rigidity of the wing-aileron structure 
and by adverse yaw, the damping and inertia effects of 
the wing and of other parts of the airplane, and the 
control forces that must be exerted by a pilot in order 
to produce a rolling maneuver. 
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Hollx angle .- For the condition of a pure steady 
roll about the longitudinal wind axis, the wing-tip 
helix angle is given satisfactorily for conventional 
airplanes by the equation 


2 V Ci 

P 


(1) 


in which Cj is the total rolling-moment coefficient 
and C^p is the damping coefficient of the airplane 

wing. Equation (1) neglects the damping of other parts 
of the airplane. Values of C^., a 3 determined by 

lifting-line theory for wings having round tips, are 
given in reference 9 . Values of Ci with the Jon ©3 

edge-velocity correction applied are presented in refer- 
ence 10. A lift lag- surface -theory correction to Cj.^ 

was obtained in the investigation reported in refer- 
ence 11. Values of Cr from reference 11 are presented 

P 

in figure 1. These values are lower than the original 
values given in reference 9 by amounts ranging from 
15 percent for wings of aspect ratio 6 to 2 percent for 
wings of aspect ratio l 6 . Values of for squ.are- 

tipped wings of aspect ratio 6 are about 6 percent 4 
higher than the values for round-tipped wings given in 
figure 1 . Figure 1 has been prepared in such a manner 
that values of can be obtained directly as functions 

of taper ratio and of geometric aspect ratio provided 
c-> is equal to 0.1. Variations in c 7 , whether they 

are caused by changes in airfoil shape or by changes 
in Mach number in the sub critical speed range, influence 
the effective aspect ratio (see reference 12 ) as well 

as the value of C^, for a given effective aspect ratio, 

P 

and these variations can be accounted for by applying 
the appropriate value of cj^ to the abscissa and the 


ordinate of figure 1 . . 


If values of 
are not available 


Cj required for estimating 
from test data, values of 


pb/ 2 V 

as 
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derived from lifting-line theory may be obtained from 
references 1 and 2 * A convenient method for esti- 
mating pb/2V that avoids the separate determination 
of C i and is presented in reference 13 . In 

reference 13 a helix- angle parameter y 

. , c vfs\ 

equal to llq ..6 — ) is given as a function of the 

V " l p/ 

spanwise location of the inboard and outboard aileron 
tips. For constant-percentage-chord ailerons, the 
parameter y is essentially independent of the aspect 
ratio and the taper ratio of the airplane wing. For 
convenient application of the units used in the present 

/ Y 

paper, a chart cl the parameter y» (equal to 


■esei 

-) 


lllh 
involved 


is presented as figure 2. The values of Cj p 

in Doth y and y' are the values given in reference 
For a rigid unyawed wing not equipped with a .linked tab ' 
or a spring tab 


pb 

2V 


~ Y* 


Ad AT 

— AQ 
A5 


a 


( 2 ) 


where A5 & is the total deflection (in degrees) of the 
right and left ailerons. 


The helix angle pb/2V is, of course, affected by 
a number of factors, the most important of which usually 
are wing flexibility, adverse yaw , and deflection of 
linked tabs or spring tabs. In preliminary design, these 
effects sometimes may be estimated and expressed as 
simple reduction factors to be applied to the value 
of pb/2V given by equation (2). An empirical equation 
for use in preliminary design therefore may be written as 


nb 

La 

- — = Y 

— 

qrr 

2 v 

A 6 


A 6 a (l - k T 


- kp - k r 



( 3 ) 


where the factors k T , kp, k r , and k t are the 

reductions in- pb/2V (expressed as fractions of the 
value of pb/2V given by equation (2)) resulting from 
wing twist, sideslip, yawing velocity, and tab deflection, 
respectively. The factors k T , kp, and k r are 

discussed subsequently in this section of the present 
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paper and the factor is discussed in the section 

"Ailerons Having Linked Taos, Fart IV." Rough pre- 
lim nary estimations of airplane rolling performance 
sometimes are made by assuming that 

1 - k T - kp - k r = 0.8 

The substitution of this value in equation (p) has given 
satisfactory results near the stalling speed and at about 
0.8 of the maximum level-flight speed for many airplanes. 
At intermediate speeds values of pb/2V obtained in 
this manner usually are conservative. 


C ontrol force .- The control force during a steady 
rolling maneuver is related to the aileron hinge-moment 
coefficients and to the geometry of the aileron system 
by the equation 


F = 


- — 2 
— qo c 
r H a a 


/o6 


■’h 


1) 


a 


Tip 




c h 


up 


Mown \ 0 / down 


(k) 


where and are the hinge -moment coeffi- 

a up Mown 

cients of the aileron that is deflected upward and of 
the aileron that is deflected downward, respectively; 


and 


f!f 

.6 0 


and 


d6 c 

Te, 


are the mechanical advantage 


up nx “/ down 

of the upgoing and of the downgoing aileron, respectively-, 
In terms of slopes, for ailerons deflected equally up 
and down 


p = "F qb a ° a 2 


6o 

-r-= A6 fl Ch 
60 n 6 


x + ithk ° h « 



(5) 


’where (aa.)p accounts for the effect of the rolling 
velocity on the hinge -moment coefficients and 

66 a 

-rr is the rate of change in deflection of a single 
o9 ° 

aileron with change in deflection of the control (stick 

or wheel). Methods for estimating (Aa)^ are given in 

references 10 and 11, The method of reference 11 permits 


10 


MCA TN No. 1045 


the effects of aspect ratio to be accounted for wore 
accurately. A chart for estimating (Aa) 0 , based on the 

method of reference II, is presented in figure y. The 
factor B- of figure j is equal tc the factor 

^c'^c + “ 

75 given in reference 11. 

c‘"c 


The quantity 



+ 


of equation (5/ 


frequently is referred to particularly in British papers. 


as the response factor T in which the quotient 


2(Aa). 


AO, 


usually is assumed in analytical wo ri: to be equal to -0.2 
for ailerons of average size. The rolling velocity 
tends to reduce the aileron hinge moments when the 
response factor is less than 1.0 (positive value 
of Cy a /Ci^ and the rolling velocity tends to increase 

the aileron hinge moments when the response factor i 


greater than 1.0 (negative value cf 


G h a / G hg )• 


Ailerons frequently have been designed in such a manner 
that the rolling velocity decreases the aileron hinge 
moments in order to minimize the amount of aerodynamic 
balance required for given control forces. This advan- 
tage cannot be realized in many designs, however, because 
considerations associated with the aileron floating 
tendency in pull-outs and at high angles of sideslip may 
require that the values of Cfr a be maintained as near 
zero as possible. 


A relation between the hinge-moment parameters for 
constant values of P/q can be obtained if the value 
of (Au)p for a given aileron deflection is assumed to 
be independent of T.Tach number. Prom equation ( 5 ) the 
relation is 


°ha = gup q - 2Ta5-g Ch 8 (6) 

2t>a~a L ' d G ’ (^ a )p 

For a given wing-aileron arrangement, therefore, lines 
representing constant values of p/q may be drawn on 

a chart in which Gw is clotted against The 

lX a o 
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line representing the condition of zero stick force is 
given by the simple relation 

A5 a „ 

° h a " 2 (Aa) p °h 5 

Equations (1 ) to (7) are strictly applicable only 
to the steedy-roli condition. An analysis of aileron 
control-force characteristics during initiation and 
reversal of an aileron roll, made by Morgan end Bethwai te 
in Great Britain, shows that for ailerons having positive 
values of the ratio ChqA'hg exceeding 2 . 0 , objectionably 

high stich forces may be required for a rapid control 
movement even though the control forces are- satisfactory 
during a steady roll. For most ailerons, however, the 
ratio Cl la /C ha is considerably lower than 2 . 0 , and the 

forces required for rapid control movements are not 
likely to present a serious problem. 


Effects of Wing Twist 

During a rolling maneuver, the forces resulting 
from aileron deflection and. from wing damping may twist 
a wing and therefore reduce the aileron effectiveness 
in proportion to the torque produced. Because the 
aerodynamic forces increase with the dynamic pressure, 
the loss in aileron effectiveness also increases with 
the dynamic pressure . The aileron effectiveness becomes 
zero, therefore, at some airspeed - called the reversal 
speed. At speeds in excess of the reversal speed, the 
airplane rolls in a direction opposite to that which 
would be obtained for the same aileron deflections at 
low speeds. 



The effects of wing twist on lateral maneuvera- 
bility may be of considerable importance even at s seeds 
far below the reversal speed. In an analysis presented 
in reference 1 I 4 . the rolling performance of a P-1 j. 7C-1~RE air 
plane was corrected for the effects of adverse yaw, as 
measured in flight, and for the effects of Mach number 
on Aa./Ao, as determined, from high-speed wind-tunnel 
tests, in order to isolate the effects of wing twist. 

The results of this analysis are summarized in figure lu 
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At an indicated airspeed of 1.00 miles cer hoxir wing 
flexibility is responsible for a 31 -percent loss in the 
aileron effectiveness of the P-1.7C-1-RS aim lane. The 
reversal speed is at an indicated airspeed of about 
545 wiles per hour. A somewhat similar analysis made 
oy ..orris and Morgan of Great Britain shows that at an 
indicated airspeed of iiOO miles per hour the aileron 
effectiveness of the British Spitfire airplane is 
reduced by about 65 percent, principally because of 
wing twist. 


A number of metnods have been proposed for calcu- 
lating the reversal speed or the effect of wing twist 
on the rolling performance at any speed (see refer- 
ences lp to 21 ). These methods differ principally 
in the degree of accuracy with which the scan wise 
twist is obtained and in the extent to which the 
induction effects are accounted for. In addition, these 
methods differ in their adaptability to the inclusion 
of the effects of compressibility on the various aero- 
dynamic parameters. Some of the methods (references ll.|., 
17> 19# and 21 ) require that ihe actual wing— torsional- 
stiffness distribution be known, whereas ir other 
methods the torsional stiffness is assumed to follow 
some simple mathematical law. 


Reference 13 points out that significant differences 
in the torsional stiffness and in the aerodynamic 
parameters of wings for the same production aimlane may 
be expected to result from differences in fabrication. 
Because of these uncertainties, the large amount of time 
required to obtain a solution by one of the most exact 
methods Probably is not justified in the usual case. 


In^a method proposed in reference lp, the i nduced- 
lift effects are taken into account and the wing torsional 
stiffness is assumed to vary inversely as tho cube of 
the distance from the wing center line. Charts giving 
values of a rolling-moment-loss parameter t are pre- 
sented in reference 1 J and equations are given from which 
the wing torsional stiffness required to meet a given 
standard of rolling performance may be quickly estimated. 


The 


values 

on the wing 4 * 
the inboard 


of t given in reference 13 are dependent 
aner rati o and on the spanwise locations of 

aileron tins. 


and the outboard 


A rolling- 


jqual to 


( 7r Y 

Wz) 


whe re 


y r 


moment-loss oarameter t» 
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is the distance from the wing center line to the raidspan 
of the aileron ) is roughly independent of 'the location 
of the outboard aileron tip. Values of t’ are given 
in figure 5 • 

The wing torsional stiffness required for a speci- 
fied value of the helix-angle reduction factor k T may 
be computed by means of the following general equation: 

/ ✓ 


nr 


V 


(. JL.V 2A 2 k T 

K°/ 2 J 



~ aileron 


- k. 


- / \ 1 

1 

1° c m \ 

i 

T<( ) 

> 

\6a/ n 

J 

\ ci 

tabj 


/ 


q 


\ V 1 - * 


( 3 ) 


where m P is the wing torsional stiffness at any span- 


7 


/ 1 


wise station y. Values of qy' \jl - for various 

values of VcA/ 2 and for various altitudes are given in 

/dc m \ . 

figure 6. The values of ( - — -! in equation (8) are 

r a/ °l /bo,\ 

for low Mach numbers. If experimental values of I- — i 

V>a/ 


cz, 


have been obtained at the Mach numbers for which values 

f OCyjj \ 

of ran are to be computed, these values of I — — * 


7 


I wo m \ 

\ ba / 
x 'ci 


may 


be used in equation (8) provided the theoretical 

factor \/l - M 2 is deleted from equation (8). .At the 
reversal speed, the term ^ 1 - k T - kp - k r - kj-J in 

equation (p) is zero, and the factors lc and k r 

usually may be assumed to be zero. ?or a known value 
of m Q . therefore, the reversal speed may be estimated 

b y / , — - — - 

by solving equation (8) for qyyl - when k T - 1 - hu 

If at a given speed 

reduction factor k_ is known, the value of k 


V-j_ the corresponding helix- angle 
k Tq 7 "" ~~ T2 
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corresponding to any other speed Vp nay be calculated 
as follows : 



Effects of Control-System Stretch 

For ailerons having approximately linear effec- 
tiveness and hinge-moment characteristics, the principal 
effect of any stretch in the control system is simply a 
reduction in the aileron movement, and consequently in 
the rate of roll, for a given control reflection. In 
most instances stretch results In little or no change 
in the mechanical advantage of the system; therefore, the 
control force for a given total aileron deflection remains 
almost unchanged . Control-system stretch may cause 
large changes in the control forces of ailerons having 
very nonlinear hinge-moment characteristics. 


Effects of Adverse Yaw 

Adverse yaw in a rolling maneuver results from the 
combined effects of an inherent yawing moment of a 
rolling wing and a yawing moment caused by operation of 
the lateral -control device. Both these yawing moments 
normally are adverse over the usual range of flight lift 
coefficients, when conventional flap- type ailerons are 
used. The yawing moments of spoiler-type lateral- 
control devices, however, may be favorable over at least 
a part of the flight lift-coefficient range. The yawing 
moment of a rolling wing is caused by an asymmetrical 
distribution of the drag and by inclination of the lift 
vectors. The drag effect usually is favorable, but the 
effect of inclination of the lift vectors invariably is 
adverse at positive lift coefficients and usually is of 
considerably greater magnitude than the effect of the 
drag . 

Adverse yaw tends to retard the forward movement of 
the upgoing wing. When the rudder is not used to counter- 
act the yawing moment, loss in pb/2V results from the 
sideslip angle - for wings with positive effective 
dihedral - and from the yawing velocity - for wings at 
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positive lift coefficients. The corresponding helix- 
angle reduction factors kp and k r usually cannot be 

estimated accurately - particularly at low speeds - in 
a preliminary design. Flight tests, of present-day air- 
planes indicate, however, that when conventional flap-type 
ailerons are used, the value of the sum kp + k r usually 

is between 0.2 and 0.5 at landing speeds. If at a lift 
coefficient C Ll , the corresponding value (kp + k r j -j 

is known, the value (^kp + at any other lift coef- 

ficient Ct may be roughly estimated from the 
"2 

relation 


( k 


P 



( 10 ) 


The effects on rolling velocity of adverse yawing 
moment may be decreased by increasing the - eathercock 
stability or by decreasing the dihedral. 

'eat hercock stability .- Modifications that increase 
the weathercock stability, such as increasing the 
vertical-tail area, not only permit greater rates of roll 
to be obtained but also cause the angle of bank for 
constant aileron deflection to be more nearly a linear 
function of time (reference 22). Because an increase 
in vertical-tail area makes possible the performance of 
a given banking maneuver with decreased aileron deflec- 
tion, the control forces required for the maneuver are 
decreased when the vertical-tail area is increased. 


The advantages of increasing the vertical- tail area 
diminish as the vertical-tail area is increased. In 
conventional airplane designs, however, the vertical tail 
is seldom of such size that a further increase in vertical- 
tail area would not give beneficial results. Tests made 
in the Langley free-f light tunnel indicate that a value 
of Cn_ at least as high as 0.0015 usually js necessary 


' n P 

for satisfactory 


fly in; 




qualities . 


The effect on lateral maneuverability of changing 
the tail length while maintaining the same weathercock 
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stability, thereby Increasing the damping in yaw, is 
shown in reference 25 to be negligible. 

D ihedral . - The induction in lateral maneuver ability 
because of adverse yaw varies almost linearly with the 
effective dihedral. Poor weathercock stability, when 
combined with high positive effective dihedral, results 
in a large opposing action to any rolling motion. This 
combination may also cause predominance of the lateral 
oscillation, which is undesirable because of the result- 
ant erratic response to the application of control and 
the possible discomfort to occupants of the airplane. 

Because the banking motion is opposed by the effect 
of dihedral, increases in dihedral cause increases in 
the control forces necessary to perform a given maneuver. 
In general, the effective dihedral should be no larger 
than is necessary for meeting other criterions . 


Effects of Aspect Ratio 


Although increases in aspect ratio, while maintainin 
the same aileron-chord ratio c a /c and the same aileron- 


scan ratio 


'a 


b/2’ 


may result in slight increases 


in pb/2V the rolling velocity p will probably 
decrease with increases in aspect ratio because of the 
increased wing span required for an airplane of a given 
weight . 


Effects of Altitude 

Some of the effects of altitude on lateral maneu- 
verability, as indicated by the analysis reported in 
reference 2J4., are summarized in figure 7 for the condi- 
tion of constant true airspeed. If a lateral-control 
device that is capable of producing the same maximum 
rolling -moment coefficient throughout the altitude range 
is used, the time required to obtain a given angle of 
bank is greater at the higher altitudes. In order to 
obtain a given angle of bank in a given time at any 
altitude, larger rolling-moment coefficients must be 
anplied at the higher altitudes. These results follow 
from the fact that the value of pb/2V and hence the 
final steady value of rolling velocity is independent 
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of altitude, but the initial angular acceleration is 
reduced at high altitude because of the lower indicated 
airspeed. If, on the other hand, the aileron deflection 
is limited to that corresponding to a constant hinge 
moment, a given angle of bank is obtained in shorter 
periods of time at the higher altitudes, because greater 
aileron deflections can be obtained at the reduced indi- 
cated airspeed and hence the final value of rolling 
velocity is higher. 

For airplanes having positive values of Cj, /C^g, 

the ratio of the control force required to start a 
rolling maneuver to the control force required to 
maintain the maneuver has be on shown by ''organ and 
Bethwai to to be higher at the higher altitudes. 


effects of Radii of Gyration and Wing Loading 

An analysis of the effects on lateral maneuver ability 
of variations in the radius of gyration in roll is 
reported in reference 2b- The analysis presented in 
reference 2b. was made for constant v-i ng loading; increases 
in radii of gyration therefore correspond to increases 
in •■ oments of inertia. For a given rolling-moment 
coefficient, the time required to obtain a given angle of 
bank is increased considerably v-hen the radius of gyration 
in roll is increased from O.OCb to 0. l6b (see fig. t>). 

The percent increase in the time required to obtain a 
given angle of bank is greater for short banking maneuvers 
than for long banking maneuvers because the radius of 
gyration in roll affects only the acceleration period 
at the start of a maneuver. Additional analysis pre- 
sented in reference 2b shows that, in order to obtain 
a h,5° loa nk in 1/2 second with a typical fighter airplane, 
the rolling-moment coefficient must be increased by 
approximately 20 percent when the radius of gyration in 
roll is increased from O.CGb to O.lob. 

Increases in the radius of gyration in roll have been 
shown by Morgan and Bethwaite to cause small increases 
in the control forces required for rapid movements of 
ailerons having positive values of Cp /Ch~. 

u ff J "'0 

The influence on any banking maneuver of changes in 
the radius of gyration in yaw is "'negligible. 
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When the radius of gyration in roll is held constant, 
increases in trie moment of inertia in roll caused by 
increases in wing loading result in effects similar to 
those obtained by increasing the radius of gyration while 
maintaining the same wing loading. 


CONTROL-FREE STABILITY 


A theoretical analysis of the stability of an air- 
plane with ailerons free is reported in reference 25. 

The stability boundaries were found to be primarily a 
function of the hinge -moment parameters Or and Cv_ . 

The results of the analysis indicated that, in general, 
aileron-free stability is not a serious problem for a 
mass-balanced aileron system, which usually is provided 
in order to prevent flutter. .Tor ailerons that tend to 
float with the relative wind (negative J the only 

possible type of instability i 3 a divergence or an 
unstable variation of control force with deflection. 

The divergence (or zero control force) boundary is 
defined by equation ( 7 )* Nor ailerons that tend to 
float against the relative wind (positive C^ ) , any 

possible aileron-free oscillations are heavily damped in 

a mass-balanced system and are of no practical concern 

unless the value of Ch c also is positive. Aileron 

o 

oscillations have been observed in flight when mass- 
balanced systems employing ailerons that are overbalanced 
for small deflections and that have high positive values 

of Cy, are U3ed, Unbalanced mass behind, the hinge line 
n a 

has an unfavorable effect on the damping and tends to 
shift the boundary for oscillatory instability into the 
negative range of Cftg . Ailerons requiring close aero- 
dynamic balance therefore should be mass balanced. The 
presence of friction in no case causes undamped oscilla- 
tions if the ailerons are otherwise stable. 


FLUTTER 


The flutter theory, for two-dimensional air-flow 
conditions, of wings equipped with conventional imbalanced 
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flap-type ailerons is presented in reference 26. In 
reference 27 the effects of the various parameters 
involved in the flutter problem are investigated 
systematically and comparisons between the theory and 
experimental results are made. Reference 27 also shows 
that three-dimensional effects usually are small. 

Equations for a three-dimensional solution of the flutter 
problem are presented in reference 28 . 

The air-load parameters in the flutter equations are 
different for ‘balanced ailerons than for unbalanced 
ailerons. Solutions for the air-load parameters are 
obtained in references 29 and po .for ailerons having 
exposed-overhang balances and in references 29 to pi 
for ailerons having tabs. Rigorous solutions for the 
air-load parameters of ailerons having sealed internal 
balances have not been obtained, but a method of esti- 
mating these parameters is suggested in reference 21. 

The influence of the properties of various structural 
materials and of the plan form and the thickness of wings 
on flutter characteristics is investigated in refer- 
ence p2. 


Theoretical flutter analyses of wing-aileron systems 
have been concerned primarily with types of flutter that 
involve the coupling of either two or three of the 
following motions: wing flexure, ring torsion, and 

aileron deflection. The v/ind- tunnel tests reported in 
reference pp show that freedom of a wing to oscillate in 
a chordvd.se plane may permit an additional type of flutter. 
Another possible degree of freedom is introduced when a 
spring tab is used in conjunction with an aileron. 


Any specific type of flutter can be eliminated for • 
a given speed range (with the possible exception of the 
transonic range) by several different combinations of 
the various wing and aileron parameters involved in the 
flutter equations. Elimination of all the basic 
types of aileron flutter usually can be accomplished by 
the use of suitable mass balance. The most favorable 
conditions are obtained when the center of gravity of 

slightly forward of the aileron hinge 
the same elevation - in a direction normal 
as the hinge axis. For ailerons with 


the aileron is 
axis and is at 
to the chord - 
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soring tabs, both 
mass balanced, but 
mass balance of a 
distance between 


the aileron and the tab should be 
as shewn by Collar of Great Britain 
soring tab is favorable only when the 
the tab hinge axis and the balancing 


weight is less than 



c st 



w2ie re k^/k^ normally 


is a negative quantity and is equal to the ratio of tab 
deflection to aileron deflection with the control (stick 
of '-heel) fixed. Any friction in the aileron system, is 
favorable with regard to flutter, „.nd sufficient friction, 
which makes the system essentially irreversible, may 
prevent the basic tynes of aileron flutter. The 
intentional use of friction to prevent flutter is not 
considered desirable, however, because of its adverse 
effects on 'control feel. Any slack in the aileron cr 
tab linkage is unfavorable. 
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In this section of the present ia <er, a description 
is given of the methods being used by the Langley 
Laboratory of the JACA for making flight investigations 
of lateral-control characteristics. A discussion also 
is given of some of the most common v/ind- tunnel test 
setups, of the limitations of these setups, and of the 
methods that are being used for applying vdnd-tunnel data. 


FLI GET I NVESTT GATT ONS 

Procedure for Dotermining Polling Performance 

Description of maneuver . - The rolling performance 
of an airplane -usually is determined during abrupt aileron 
rolls made from laterally level, trimmed, straight 
flight at different indicated airspeeds. Power for 
level flight ordinarily is used at speeds belov/ the 
level-flight speed obtainable with maximum continuous 
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power; above this speed rolls are made during steady 
diving flight with maximum continuous power. The test 
altitude is not particularly important unless com- 
pressibility effects are involved. In a given series 
of tests, however, the altitude should be maintained 
approximately constant. 

At each selected speed five rolls in each direc- 
tion, with a different control deflection for each roll, 
usually are sufficient. A greater number of control 
deflections may be necessary for airplanes having very 
nonlinear lateral-control characteristics. At high 
speeds the maximum control deflection may have to be 
restricted in order to ensure that the aerodynamic forces 
on the ailerons and on other parts of the airplane do 
not exceed the structural design limits. 

Each test roll is made by moving the control (stick 
or wheel) abruptly to some predetermined deflection and 
by holding the control at that deflection until the 
maximum rolling velocity occurs. Until maximum rolling 
velocity occurs, the rudder is held in its original trim 
position. Recovery from the maneuver is made by any 
method the pilot desires. The control should be deflected 
as rapidly as possible. When control forces perrr.it, 
full deflection can be reached in about 0.1 to 0.2 second. 
The desired control deflection usually can be obtained 
by means of a variable-stop device attached, to the stick 
or control wheel; however, with such an arrangement care 
must be exercised to ensure that the proper control 
forces are measured. 

Variables measured.- The following variables are 
measured during the most general investigations for 
determining the rolling performance of an airplane: 

Rolling velocity 

Free -stream impact pressure or indicated airspeed 

Rudder oosition 

Aileron oosition 

Stick or control-wheel deflection 


Stick or control-wheel force 
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Aileron hinge moments 
Pressure altitude 
Free-air temperature 
Aileron distortion 

Presentation of data .- The test results may be 
plotted in the form of a time history, as illustrated 
in figure 9> for a roll with ailerons partly deflected. 
The maximum helix angle pb/2V is computed from the 
maximum rolling velocity, the wing span, and the true 
airspeed. The values of aileron force and deflection 
which, occur at the time of maximum rolling velocity 
should be used, since the steady force that the pilot 
will be able to hold is of primary interest, when there 
is a large negative value of Ci la or when there is a 

spring-tab system with a weak sprin w , the maximum force 
and deflection as well as the force and deflection at 
maximum rolling velocity may have to be considered. 

Plots usually are made to. show the variation of control 
force and pb/2V with total ailoron deflection for each 
of the test indicated airspeeds. Another very useful 
plot is one in which the total aileron deflection, the 
rolling velocity at some standard altitude, and pb/2V 
are plotted against indicated airspeed for a fixed value 
of the control force. 

'.hen aileron hinge-moment coefficients are to be 
plotted, the tests should be made with the trim tab 
"locked in one position (preferably neutral), because 
the variation of hinge-moment coefficient with speed 
may be somewhat obscured if the control force is 
trimmed to zero at each speed tested. 


Procedure for Determining Adverse Yaw 

Description of maneuver ." Tests for determining 
adverse yaw are made by performing abrupt rudder-fixed 
rolls at low speeds. The maneuver is similar to that 
described for determining rolling performance, except 
that the rolls must be continued beyond the time at 
which maximum rolling velocity occurs in order to reach 
the maximum sideslip angle before recovery is started. 
Because some modern airplanes with powerful ailerons 
may require a large change in angle of bank ( 90 ° or 
more) in order to reach the maximum sideslip angle for 
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full aileron deflection, the maneuver may be modified 
to allow rolls to be made out of an initially banked 
attitude (not exceeding k5°) 3 "- n low-acceleration turns. 

In this maneuver the maximum, sideslip angle occurs at a 
smaller absolute angle of bank. lolls should be made 
in both directions with partly deflected ailerons as 
well as with fully deflected ailerons. 

V arl able s me as ured ♦ - The variables measured during 
a maneuver for determining adverse yaw include the side- 
slip angle, the normal acceleration, and the first six 
of the items listed in the previous section on the deter- 
mination of rolling performance. The sideslip angle 
usually is measured by means of a freely swiveling vane 
mounted on its vertical axis at the end of a boom extendin 
ahead of the airplane wing. 

^resent at io?a of data .- A time history of the 
important variables obtained during a maneuver for deter- 
mining aileron yaw may be plotted as illustrated in 
figure 10. Another useful plot is one in which the maxi- 
mum change in sideslip angle is given as a function of 
the total aileron deflection. 

Procedure for Determining Aileron Trim 
Changes with Speed 


A complete flight investigation of lateral-control 
characteristics should include measurements of aileron 
trim changes with sneed for straight, laterally level 
flight. These measurements are made by trimming the 
aileron control force to ‘zero at level-flight speed 
with normal rated power and with the airplane in the 
clean condition, and then by measuring the aileron 
control forces and the aileron deflections required to 
trim in laterally level straight flight at various other 
speeds with rated power and with power off. because the 
lateral position of the airplane center of gravity may 
have a large effect on aileron trim variations, the 
lateral center- of -gravity position should be determined 
and specified, especially if large unsymmet ri c al weight 
distributions are possible with the airplane being tested. 

■'I HD- TUN IS L IIJV25TI GATT OHS 

Close ap oroxlmations to the maneuvers that are per- 
formed during flight investigations of lateral-control 
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characteristics can be obtained in wind tunnels only 
when dynamic models are used and. are permitted to fly 
freely. The Reynolds numbers and the model scales for 
such tests are necessarily very low and consequently the 
air-flow conditions and the structural details of the 
ailerons may be very different for the model than for 
the airplane. In the usual case, accurate simulation 
of the air-flow conditions and the structural details 
has seemed more important than accurate simulation of 
the flip, lit maneuver. Wind-tunnel aileron-development 
programs therefore arc conducted almost invari ably on 
large static models for which high Reynolds numbers may 
be obtained. 

Two - Dime 11 s i onal l 'ode Is 

Ailerons frequently are investigated in two- 
dimensional flow because such an arrangement • permits 
the use of the largest possible model scale for a given 
wind tunnel, ;ecause variables associated with wing 
plan form are eliminated, and because two -d.imensi onal 
models are slimier and less costly than finite-span 
models. In spite of the fact that large Reynolds numbers 
can be obtained with two-dimensional models, the results 
of tests of such models are extremely limited in their 
application to specific designs. Limitations result from 
the inadequacy of the available methods for computing 
finite-span characteristics from two-dimensional data. 

For the most part, these methods are based on lifting- 
line theory, in which the following two assumptions are made 

(1) The induced downy; as h angle may be considered 
to be constant along the chord of r. finite-span wing. 

(2) The wing wake leaves the lifting line in a 
planar sheet. 

Although these assumptions result in small errors 
in the helix angles computed from the results of tests 
of two-dimensional models, they result in much larger 
errors in the aileron hinge -moment characteristics-. 
Computations based on lifting- surface theory (refer- 
ence pi;.) show that the induced dovmwash angle may vary 
considerably along the chord of a' finite-span v.ing, 
especially at sections near the wing tip. This variation 
in dowm/ash angle results .n a chord wise load In addition 
to the load considered by lifting-line theory. The 
nonlinearity of finite-span hingevmoment curves, as compared 
with two-dimensional hinge -moment curves , robably is a 
result of the rolling up of the wing-v/ake sheet, especially 
at high angles of attack and at large aileron deflections. 
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Equations based on lifting-line theory are given 
in reference 35 f° r computing finite-span hinge-moment 
parameters of full-span control surfaces from two- 
dimensional data. These equations may be expressed as 
follows : 



For the evaluation of equations ( 11 ) and ( 12 ) the 
value of the ratio Ct / or cun be assumed to 

<y a 

equal — (see reference 36), The effects of the 

A + 2.5 

actual snan-load distributions of a wing and of a 
partial-span aileron are accounted for more accurately 
in the following equations, which were first presented 
in reference 37: 




Acc /l 


A6 Ic 


a 


% cc i 

c Cc.a 

o 



(ill) 


where the integrations are carried over the scan of the 

C U . CC J 
C— 0^ 


aileron. 


The span-load parameters 


and 
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(a in radians) may be obtained from references Jo and 9 > 
respectively. Equations (1-)) and ( ik ) probably give the 
most accurate values for tbe finite-swan hinge -moment 
parameters that may be obtained ry methods based on 
lifting-line theory; however, because of the basic 
limitations of the theory, the refinements of these 
equations do not, at the present time, seem to be worth 
while for preliminary design wort. For most wing- 
aileron arrangements, values obtained from equations ( 13 ) 
and (ik) are very close to values obtained from the 
simplified relations expressed by equations ( 11 ) and ( 12 ) 

The effects of the chorda, Iso variation in the down- 
wash angle on the hin' e -moment parameter Ck are 

evaluated for a few specific cases in reference 37 * A 
lifting-surf ace -theory correction for thin airfoils is 

•? _ * o n .-v ^ rs i ^ n 


obtained in the form of 


increment 


( A( hi\r 

\ y .bo 


wMch 


can be added to the value of Cv. f , obtained from lifting- 
line theory. The use of the lifting- surf ace - the ory 
correction is shorn In reference 37 to give values 
of- Cjj that are :-.n ..ood agreement with the experimental 
slopes 0 '- for three models - measured over small ranges of 
angle of attack. Since the publication of reference 37 
similar satisfactory checks have been obtained for 
several other models. Charts from which approximate 

values of ^AC^ a may be obtained for almost any 

finite-span control surface were prepared from data 
given in reference 11 and are presented in figure 11 . 

(given as f/( c^/c )^ in reference llj 

ixi figure 11 den-ends for its v. lue on the moment about 
the hinge axis of the load c .used by the chordwise 
variation of the downwash angle and for e opposed- overhang 
balances is 0 . function of the chord of the control 
surface and of the chord of the balance. The factor 

for sealed internal balances depends on the completeness 
of the seal as well as on the chords of the control 


The factor 


surface and of th.o balance. The value of 




for 


internally balanced control surfaces having chords up 
to Ko percent of the wing chord can be approximated from 
figure 11 by assuming the internal -balance chord to be 
equivalent to about eight- tenths of the same expo so d- 
overhang-balance chord. The value of Cw for a 
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finite-span model therefore may be expressed as 


O' 


h 


a 


= r c h, 


a' * 

a LL \ y LS 


(15) 


who re 


(° ha )ll 


is obtained from equation (11) or 


equation (1J) and MCg \ is obtained from figure 11. 

1 "'“CL J-r o 


\ u /T Q 

No systematic corrections to /C^ \ have yet 

\ / LL 

been obtained for ailerons, but the available data 
indicate that such corrections may be as large as the 

. - , . t. - r "1 _ „ — 1 - 4 — J "I --! rt r r\ 


corrections to 


C ha )lL 


Ho simple, solution has yet 


been found for the problem of the nonlinearity oi the 
hinge --moment curves of finite-span models. 

Because of the inadequacy of the present theory for 
application to the computation of finite-span hinge- 
moment coefficients, corrections for the effects of 
finite span usually are not applied when stick forces 
are estimated from two-dimensional dataj consequently 
such commutations generally are considered to ^ oe of 
value only for comparing the effects of modifications 
to a given aileron. 

In the estimation of stick forces and rates of roll 
the two -dimensional lift and hinge -moment data may oe 
plotted either against aileron deflection or against 
angle of attack. “ The wing lift coefficient of the air- 
olane must be computed for the flight speed for which 
stick-force computations are to be made. From this 
value of ring, lift coefficient the section lift coeffi- 
cient arid the corresponding section angle . of attack, 
at the mid span of the aileron, can be estimated .from 
the theoretical scan— load distribution .i.or the condi- 
tion of zero rolling velocity. 

The airplane control force is computed. from the 
section hinge -moment coefficients at soeciiied collec- 
tions of the up going; and c owngoing ailerons. The values 
of the hinge -moment coefficients should be taken at the 
angle of attack for zero rolling velocity corrected by 
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an increment (Aa.)^ (from fig. 3) to account for the 

effect of the rolling velocity. The control force is 
computed from the equation 



The helix angle ph/2V may he estimated for the 
-rigid unyawed wing from the equation 



Y’ Act 


where the value of y* for the particular wing-aileron 
arrangement is obtained from figure -2. The value of Act 
is obtained from the two-dimensional lift data and is 
the change in angle of attack that results in a change 
in section lift coefficient equal to the change caused 
by the total aileron deflection for which the stick 
force is estimated. 


Finite -Span Models 

For equal test Reynolds numbers, results obtained 
from tests of finite-span models are considered to be 
much more reliable than results obtained from tests of 
two-dimensional models. In order to obtain high Reynolds 
numbers in tests of finite-span models, aileron investi- 
gations frequently are made on models that represent only 
the outer panels of airplane wings. A model of this type 
usually is mounted in such a manner that one wall of the 
wind tunnel may serve as a reflection plane at the root 
section of the model. The model scale for a given wind 
tunnel, therefore, may be more than twice as large as 
the scale for a complete model. The large model scale 
available allows accurate simulation of most of the 
structural details of the airplane wing panel, A dis- 
advantage of tests of partial-span models results from 
the fact that large corrections (especially to the 
rolling-moment coefficients) must be applied in order 
to make the wind-tunnel data applicable to free-air 
conditions. 
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Wind-tunnel tests have been made of full-scale outer 
wing panels of actual airplane construction. For wind 
tunnels that are not large enough to accommodate complete 
full-scale airplanes, tests of this type present the 
only possibility for a wind-tunnel model to simulate 
accurately an airplane wing panel while under aerodynamic 
load. The results of such tests are very useful. 

Data obtained from aileron investigations on 
partial-span wing models usually are analyzed by 
estimating the airplane sticl: forces and helix angles 
in steady rolls, then aileron investigations are con- 
ducted on complete airplane models, the static lateral- 
stability parameters as well as the aileron charac- 
teristics may be determined. Such data sometimes are 
analyzed by estimating the airplane rolling and yawing 
velocities as functions of time after the ailerons have 
been deflected. Good agreement with the actual rolling 
and yawing velocities, as measured in flight, have been 
obtained when the computation methods of reference 59 
have been used. 

A method for estimating airplane helix angles and 
stic 1 forces from wind-tunnel data on tests of static 
models is given in reference 11. This method may be 
applied most conveniently when the increments of 
rolling-moment coefficients caused by aileron deflection 
and the aileron hinge-moment coefficients are plotted 
against angle of attack. Equations ( 1 ) and (1.) are 
used in the computations. For a given indicated airspeed, 
values of C 7 and for the up going and the down- 

going ailerons are taken at angles of attack corresponding 
to the indicated airspeeds but corrected by an amount (Aa) 0 
(from fig. 5 ) to account for the rolling velocity. 

Decause the value of (Aa) p depends on the total rolling* 

moment coefficient, which, in turn, depends to some 
extent on the angle of attack of the parts of the wing 
over which the ailerons extend, values of (Aa) r , are 

determined most accurately as a result of a series of 
successive approximations, in the usual case two 
approximations are sufficient. 
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IV - CHARACTERISTICS OF LATERAL- 
CONTROL DEVICES 
CONVENTIONAL FLAP- TYPE AILERONS 


The most common lateral-control device of present- 
day airplanes Is the conventional flap-type aileron. The 
popularity of this device results principally .from its 
simplicity,, from the fact that the response to aileron 
deflection is almost instantaneous, and because the 
rolling moments and the hinge moments usually are 
approximately linear functions of the aileron deflec- 
tion, Disadvantages result from the unfavorable yawing 
moments, from the pitching moments that tend to twist 
the wi ng in a manner that reduces the rate of roll, from 
tfre difficulties Involved xn providing the proper amount 
cl aerodynamic balance, and from the necessity for 
limiting the spans of conventional high- lift flaps. 

The characteristics of flap-type ailerons have been 
studied extensively with the object of obtaining designs 
that require minimum amounts of aerodynamic balance in 
order to obtain given rates of roll with given control 
forces. Analysis presented in reference 1 indicates 
thao, in this respect, ailerons having long scans and 
narrow chords have an advantage over ailerons having 
short spans and wide chords. An additional advantage 
is obtained if the ailerons are designed in such a 
manner that the aileron chords increase, rather than 
decrease, as the outboard tip is approached (see refer- 
ence i;.0). 

? n 0r< g er 4o allow the greatest possible span of 
the high- lift device, short wid.e-chord ailerons are 
o.esxraole. Flight tests (reference l;.l) of ailerons 
having chords equal to 1x0 Percent of the wing chord 
indicated that these ailerons were unsatisfactory because, 
during' sideslip, large control forces had to be applied 
in order to prevent the forward wing from '‘digging in” 
and thus overcoming the dihedral effect. Thi ^charac- 
teristic is associated with a tendency for the ailerons 
to float with the wind and therefore is alleviated by 
the use of a balancing device that reduces this floating 
tendency. 
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A common arrangement for reducing aileron control 
force has involved the combination of a strong upfloating 
tendency with a differential aileron linkage that permits 
greater up-aileron deflections than down-aileron deflec- 
tions. Fixed tabs, deflected downward, sometimes are 
used in order to increase the upfloating tendency. 
Arrangements of this kind are discussed in detail in 
reference 1. A disadvantage of such arrangements results 
from the fact that the upfloating tendency usually is 
greatest at the lowest speeds and, consequently, the 
greatest effect on the control forces occurs at the lowest 
speeds. A design that gives acceptable control forces at 
high speed.s therefore may give overbalance at low speeds. 

A means for decreasing the variation of control 
force with speed is indicated by an arrangement involving 
the combination of a downfloating tendency with a 
differential linkage that permits greater down- aileron 
deflections than up-aileron deflections. The practica- 
bility of this arrangement has not yet been established, 
however, by flight tests. 

The pertinent results of a number of wind-tunnel 
investigations of balanced ailerons were collected and 
are published as reference )< 2 % A second collection 
(reference '.ip ) was made of wind-tunnel data that are 
more nearly applicable to airplane-tail control surfaces. 
Because the balances used on tail control surfaces aro 
essentially the same as the balances ‘used on ailerons, 
the data from both collections, as well as some data 
on ailerons and tail control surfaces obtained since 
the publication of these collections, have been used in 
most of the present analysis. More accurate evaluation 
of the effects of such parameters as aspect ratio and 
aileron chord is believed to have been obtained from 
the use of the two sets of data than would have been 
obtained from the use of aileron data alone. The 
correlations presented in this section of the present 
paper therefore should be applicable to tail control 
surfaces as well as to ailerons, except when an indi- 
cation is given that only aileron data have been used. 

Data on control surfaces with beveled-trai ling- 
edge balances, sealed internal balances, exposed- overhang 
balances, and tabs had been correlated previously, and 
the results are published as references Id;., lj. 5 , 46 , and L. 7 , 
respectively. The published correlations have been 
modified for presentation in the pres -nt paper when 
simolifi cations could be made or when additional data 
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permitted more accurate evaluations of some of the 
geometric parameters. For the most part, the corre la— 
tions apply only to the small ranges of angle of attack 
and of aileron deflection over which the characteristics 
are linear. Estimates of characteristics at large angles 
of attack and at large aileron deflections can be made 
by means of the test data of reference b.2.^ 

Decause the characteristics of some ailerons are 
extremely sensitive to Mach number or to any condition 
that affects the boundary layer, the correlations have, 
been derived from data that were obtained uno.er approxi- 
mately the same test conditions. The data that have 
been correlated, were obtained at low Mach numbers and 
under conditions for which transition from laminar to 
turbulent flow could be expected to occur quite far 
forward on the airfoils. The effects of Mach number., 

Key no Ids '.umber, surface roughness, and. air-stream 
turbulence are discussed, under the heading ''Effects of 
Air-Flow and Wing-Surface Conditions, Part IV." Because 
of a scarcity of test data only qualitative or rough 
quantitative evaluations of these effects may oe made. 

The methods presented herein therefore are not considered 
to be sufficiently reliable to enable a designer to arrive 
at a satisfactory final aileron configuration without 
some development work in flight or on a large-scale wind- 
tunnel model . The methods are useful, however , for making 
preliminary designs or for deciding the manner in which 
existing ailerons should, bo modified in order to obtain 
desired changes in characteristics. 


In most cases the hinge-moment' parameters of 
balanced, ailerons may be estimated most conveniently 
by considering the plain aileron and. the effect of the 
balance, separately, as follows: 
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The value of C. h for the plain aileron may be calcu- 
lated from equation ( 15 ) when the two-dimensional 
uarameter oj-, a for the plain aileron j s known, Ine 

value of Cj, 6 for the plain aileron should be estimated 

from available data (such as that of reference l\2.) on a 
finite- scan model having approximately the same wing 
elan form, relative aileron span, aileron chord, and 
t r ai 1 i ng - e dg e angle as the proposed arrangement. 

Variations in tr ai ling-edge angle seem most important, 
but these may be accounted for with far r accuracy oy 
means of a correlation of the effects of trai ling-edge 
angle on . 

6 

Equations (lo) and (17) are well adapted ior 
application of the availaole correlations of the effects 
of aerodynamic balances on aileron hinge— moment parameters . 
The greater part of the data used in deriving the correla- 
tions was obtained from tests of finite-span models. 
Variations in aspect ratio are account eo. ior vj empirical 
aspect-ratio correction factors. The correlations 
therefore are considered to be more reliable when applied 
to finite-span models than when applied to two- 
dimensional models. 


Plain Ailerons 

The term "plain aileron" as used herein includes 
any conventional flap-type aileron, regardless of 
contour, that is not equipped with any form of over- 
hang balance, tab balance, or external balance. 

Hi nge -moment characteristics . - The hinge -moment 

characteristics of ailerons have been found to be 
critically dependent on the aileron contour near the 
trailing: edge. Ailerons on airfoils without cusped 
trailing: edges, such as those having the thickness ^ 
distribution defined in reference kC, usually require 
considerably less overhang or tab balance than ailerons 
on airfoils having cusped trailing edges. In general, 
any increase in trailing-edge angle, whether obtained 
by changing the basic airfoil section or oy modifying 
the contour of a given airfoil section, may oe expected 
to reduce the degree of unbalance of the plain aileron. 
The greatest balancing effect of a large trailing-edge 
an le occurs at small angles of attach and at small 
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aileron deflections; therefore, the hinge-moment curves 
of ailerons having large trailing- edge angles usually 
are characterized by a high degree of nonlinearity. 

An explanation of the balancing effect resulting 
from the use of a large trailing-edge angle can be made 
on the basis of an effective change in airfoil camber. 

As an approximation, the effective contour of an airfoil 
in a viscous fluid is the contour obtained by adding 
the b oundary- 1 aye r-d.i sp 1 acement thickness at each 
airfoil surface to the geometric ordinates of that 
surface. Changes in angle of attack or in aileron 
deflection cause increases in the bound ary- layer- 
displacement thickness on the surface of the airfoil 
where the ore s sure gradient becomes more ad.verse and cause 
decreases in the boundary- layer-displacement thickness 
on the surface of the airfoil where the pressure gradient 
becomes less adverse. These changes in boundary-1 aye r- 
di spl acement thickness cause changes ; n the effective 
camber of the airfoil which, in turn, cause reductions 
in the incremental aileron lift and hinge moment for 
given changes in angle of attack and in aileron deflec- 
tion. Changes in camber near the trailing edge are 
much more important with regard to hinge moments than 
with regard to lift, and the magnitudes of such camber 
changes seem to depend to a large extent on the trailing- 
edge angle, the greater changes occurring for the larger 
trailing-edge angles. An open gap at / the nose of sm. 
aileron allows the boundary-layer air to flow from she 
high-pressure airfoil surface co the low-pressure air- 
foil surface. The effective change in camber and 
consequently the effect of the boundary layer on the 
hinge moments, particularly for ailerons having large 
trailing-edge angles, therefore are greater when the 
gap is open than when the gap is sealed. 

''hen an aileron is beveled, dimensions other than 
the trailing-edge angle affect the hinge -moment 
characteristics, but the principal effects of such 
dimensions seem to be on the ranges of angle of attack 
and of aileron deflection over which the increased trailing- 
edge angle is most effective in changing the hinge -moment 
slopes. Ailerons having bevels of large chords 
(25 to 1|0 percent of the aileron chord) and large radii 
of curvature between the bevels and the oarts of the 
ailerons forward of the bevels usually are more satis- 
factory than ailerons having bevels of small chords and 
small radii of curvatrire. 
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The trad ling-edge angles of various true-contour 
and straight-sided airfoils have been plotted against 
the airfoil thickness in figure 12. The straight-sided 
airfoils considered, are those having the real* oarts of 
their contours formed by straight lines drawn from the 
trailing edge tangent to the true airfoil contour. 

For all airfoils the t railing-edge angle is defined 
arbitrarily as the angle between lines drawn from the 
airfoil surfaces at the trailing edge to the airfoil 
surfaces at about 0.98c. 

For most finite-span ailerons, the trailing-edge 
angle varies along the aileron scan. An effective 
trailing- edge angle for such an aileron can be considered 
to be the constant trailing-edge angle for which the 
parameters Ch a and Gy, "would be the same as for the 

variable tr ailing-edge angle. Such an effective t railing- 

edge angle F can be determined approximately by the 
following expression 


/ The hinge -moment parameters c^ and c^ for 

true -contour, bulged, beveled, and straight-sided sealed 
ailerons on various two-dimensional models are plotted 
against the trailing-edge angle in figure 1J. Some 
additional information on the models from which these 
data were obtained is given in table II. Aileron chords 
of 0.15c, 0.20c, 0.30c, and O.kOc are considered. Thi3 
correlation is useful for obtaining rough estimates of 
the values of the two-dimensional hinge-moment parameters 
of olain ailerons provided the aileron chord and the 
trailing-edge angle are known. The hinge -moment 
parameters seem to increase almost linearly as the 
trai ling-edge angle is increased from 6° to about J>0 . 

A further increase in trailing-edge angle is not likely 
to produce much additional balance, dthin the linear 
range, the incremental changes in section hi nge -moment 
parameters apoear to vary with the incremental change 



(18) 
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in trailing- edge angle approximately in accordance with 
the foil o wi ng re 1 at i o ns : 

Ac ha = 0.0005 (19) 

Ac hfi = 0.000k A0 (20) 

The .effect of a gap on the hinge -moment parameters 
is shown in figure lk for a O.JOc plain aileron with 
various trailing-edge angles. For the airfoil considered 
(NACA OOO9) the hinge-moment characteristics are almost 
unchanged by a gap at the nose o{f a true -contour aileron. 
For a trailing-edge angle larger than that of the true- 
contour aileron, the gap causes both cg^ and cj-^ to 

become less negative. The variation with trailing-edge 
angle of c^ is about 20 percent greater and the 

variation with trailing-edge angle of Cv,.. is about 

50 percent greater when the gap is 0.00 50° than when the 
gap is sealed. The magnitude of the effect of gap may 
vary considerably on different airfoils, but the trends 
indicated in figure lk are tyoicjal of most of the air- 
foils that have been investigated. The greatest effect 
of the gap usually is at small angles of attach and at 
small aileron deflections. The hinge-moment curves 
therefore may he expected to bo more nonlinear with the 
gap open than with the gap sealed. 

Extrapolation of the curves of figure llj. through 
small trailing-edge. angles indicates that opening the 
gap may make cj la and C] l6 more negative. This 

effect has been observed, on airfoils with cusps, but 
the effect may be considerably greater than that indi- 
cated by figure lk, especially for thick airfoils if the 
maximum thickness is relatively far back. 

The effects of changing the trailing-edge angles 
of five finite-span models (see table IT) are given in 
figure 15. The incremental changes in and 

are plotted against the product of an asoect-ratio 
correction factor and the incremental change in trailing- 

edge angle A ' ^he finite -scan data are in fail’ 
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agreement with curves having the slopes obtained in the 
correlation of two-dimensional data (equations ( 19 ) 
and (20)). The equations of the correlation curves for 
finite-span models are as follows; 

AC h = 0.0005 ~ + ~ 2 ^ (21) 

ACh = 0.0001. — — (22) 

6 A + 2 


The asnect-ratio correction factor — n__ as used 

A + c 

herein is strictly an empirical factor and was chosen 
simply for convenience and because its use brings the 
available data on the incremental hinge-moment slopes 
into fair agreement, regardless of the aspect ratio of 
the model. This factor also has been found applicable 
to tho effects of ? lain- overhang and internal balances 
on both Ch a and C^. 

Lift characteristics.- Modifications that affect 
the hi. nge'-moraen t parameters of plain ailerons generally 
have some influence on the lift parameters. The effect 
of the trailing- edge engle on the lift-curve slope, 
relative to the lift-curve slope obtained by extrapolating 
to zero t railing-edge angle, is given in figure l 6 . The 
effect of a gap ^'lso is expressed in a ratio form in 
figure 17 . Although the effect of the gap was expected 
to be greatest for the most forward, positions of the gap, 
no systematic variation could be detected within the 
range of aileron chords investigated. 

A correlation of the available data on aileron 
effectiveness is published as reference 54 > which shows 
that, by the us© of the section aileron effectiveness 
factor, the aileron rolling-moment coefficients may be 
computed with sufficient accuracy by the methods of 
lifting- line theory. An analysis of the effects of 
aileron modifications on the rolling -moment coefficients 
therefore reduces to an analysis of the effects of these 
modifications on the section aileron effectiveness factor. 

Some of the faired correlation curves of refer- 
ence 54 are reproduced in figure lC. Curves are given 
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for 

and 


large and small aileron deflections and for sealed 
open gaps. The data used in obtaining these curves 
are for low I/Iach numbers and for a small range of 
trai ling-edge angle, the average t railing-edge angle 
being about 10°. Data also are given in reference 54 
on the variation of the effectiveness factors with 
trailing-edr e angle as determined from tests of several 
airfoils. These data are replotted, in figure 19 as 
ratios of the effectiveness factor at the various 
trailin c -ed- :e angles to the effectiveness factor at a 
trai ling-edge angle of 10°. The effectiveness factor 
of an aileron with a given chord and trailing-edge angle 
may be estimated by multiplying the value obtained, from 
figure 18 by the appropriate ratio obtained from 
figure 19. 

Pi tching-moment character! sties . - An analysis of 
the pi tching-moment characteristics - in terms of the 
the parameter ag c 7 - of olein ai le rons having 

various chorus is presented, in reference 55* & corre- 

lation of the effects of trailing-edge modifications on t] 

pitching-moment parameter i'8c iri /c35 a ^ 


) Q l 

(8 c^i/c) a) c ^ 

are related to each other by the expression 


is given m 


reference 


s6. 


The arameters 


and (8c m /85 a ) ( 


/a 0, 


(£s) 

\^rjc 




1 


Tills relationship, the li tching-moment d.ata of refer- 
ences 55 and 56, and values of the parameter Aa/Ao 
obtained from figures 18 and 19 have been used to 
construct curves giving values of the parameter (8c m /8 a ) c 

for various aileron-chord ratios and for various trailing 
edge angles (fig. 20). Values of the parameter ^c la /da) c 

are directly crop ortional to values of the wing torsional 
stiffness required for a given reduction in pb/2V 
resulting from wing twist. (See equation (8).) Fig- 
ure 20 indicates that reductions in the required wing 
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torsional stiffness may be obtained by increasing the 
aileron-chord ratio c a /c or by increasing the trai ling- 
edge angle 

A correlation of the effects of 'crai ling-edge 
modifications on the airfoil aerodynamic-center location, 
indicated by the parameter is G iven in 

reference 5b« The trailing— edge angle and the airfoil 
thi chne ss at 0.9c were used as parameters in obtaining 
that correlation, the results of which are summarized 
in figure 21. In general, when the trai ling-edge angle 
is increased, the airfoil aerodynamic center moves 
f orward. 


Flight 


tests . - The effects of aileron contour 

modifications were investigated in flight during an 
aileron development program for the XP-51 ftirolane. 


The 


original 


ailerons for this airplane were sufficiently 

but because of small 
the maximum effective- 


effective per unit deflection 
aileron travel (o. 


'max 


/ VX U 11 y 

± 10 °\ 


ness at level— flight speeds was fairly low. .Lhe ailerons 
were very satisfactory, however, at diving speeds 
because with the high mechanical advantage of this air- 
plane almost full aileron deflection was possible with- 
out excessive stick forces. 


The purpose of the development program was to obtain 
an aileron design that would permit the use of an 
increased deflection range, particularly at the level- 
flight speeds, without increasing the stick forces. In 
order to reduce the aileron hinge moments at -the higher 
deflections, the aileron profile was thickened and 
beveled at the trailing edge to give an average trai ling- 
edge angle of 25°,.' (See fig. 22. ) Flight tests of this 
aileron" we re made with the aileron linkage altered to 
give maximum aileron deflections of tf.O® with the original 
maximum stick travel. The aileron nose gap was unsealed 
for these tests. 

A comparison of the results of flight tests oi the 
original and the modified ailerons is shown in figure 22. 
Both sets of ailerons were equipped with balancing tabs. 

At indicated airsoeeds less than pOO miles per hour the 
helix angle pb/2V obtainable with a 50-pound stick 
force was approximately doubled by changing from the 
original to the modified ailerons. For a 50“P ouri; i stick 
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force the deflections of the modified ailerons that 
were obtainable were considerably reduced at diving 
speeds , but because the deflections still were greater 
than +10°, the helix angle was always higher than the 
helix ancle obtainable v r ith the original ailerons . 


During the course 


having trailing- edge 
gated. These ailerons 
deflections, but for 1 
were about the same as 
with trai ling-edge 


of the investigation, 
cf 52 ° also were 


angles 


angle s 


ailerons 
in vest i- 

were overbalanced for small 
rgo deflections, the stick forces 
forces for the ailerons 
Sealing the nose gap 


the stick 
of 25 ° 


reduced but did not entirely eliminate the overbalance 
for small deflections. At an indicated airspeed of 
320 miles per hour, a condition for which the ailerons 
were overbalanced, a. free-ccntrol oscillation of the 
sealed ailerons was recorded, when the control stick was 
deflected and then released. A time history, shown in 
figure 25 , indicates that the aileron oscillated steadi 
between 7° and -10° with a neriod of about 0.5 second. 


Similar oscillations 
No oscillations were 


iculd not be induced £ 
ixperienced under any 


with the ailerons that had oral ling-edge an, 


, lower speeds, 
jonditi ons 
?les of 25 °* 


Ailerons Having 


dxo os ed- Ove rhang 3al ance s 


H inge -moment c ha r acte rl s ti c s . - The addition of an 

exposed- ove rhang balance (either plain or Prise) to the 
nose of a plain aileron results in a balancing effect, 
because changes in pressure caused by changes in angle of 
attack or aileron deflection are permitted to act on a 
part of the movable surface oliat is ahead of the hinge 
line and because additional balancing pressures are 
produced over the overhang as it protrudes into the air 
stream. 

Correlations of the effects of 0 lain- overhang and 
Prise balances on the hinge -moment parameters Cy la 


and have been made on the basis of three empirical 

*6 , 
factors, each of which is related to some physical 

property of the wing-aileron arrangement. An as sect - 

A 


rati 0 co rre c c i on factor 


A + 2 


performs the same function 
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as the lift-curve-slope factor used in reference b.6, 

A factor , which is related to the overhang length, 
is defined as follows: 



A factor F 0 * , which is related to tile nose shape of 

the balance , is in general the product of an area-moment 
ratio and a basic nose-shape factor Fp , where 
is defined by the expression 


F 2 


1 



fl + Gv /c \ 2 
' -1/ -a i 

v + %/V 


The general expression for the nose-shape factor Fp ’ 

for each of the various rose types considered is given 
in figure 2k. The symbols Mq , ’ Mg, M Q , and so forth 

that appear in the area-moment ratios (fig. 2b.) refer to 
moments about the aileron hinge axis of the profile 
areas of e x;p o s e d - c ve,rhang balances of types correspondin 
to the subscripts 0, B, 0, and so forth. The balanc 
nrofile area is defined as the total orofile area of the 


aileron ahead' of 


the hinge axis. 


For any balance 


having a nose shape formed by circular arcs (nose 
types 0, A, B, D, and G of fig. 2b. ) 


IP 7 

2 ' 


— to 

2 


Charts for determining 
figure 25. 


ana 


are given m 


Correlations of the incremental effects of plain- 
overhang and Prise balances cn the hinge-moment 
parameters C >1q , and Cy„ are presented in figure 26. 

Some additional information regarding the models considered 
is given in table III. The increment AC^ is expressed 


TO Cl 
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as a function of the three factors — _ — , Ft, and Fp 1 , 

A + 2 x 

but the increment A C h , being relatively, independent 

-■i-CC 

of the nose shape, i3 expressed as a function of 
A 

only -r ~~ — — and F-, . Hie equations of the correlation 
v A + 2 - 1 - 

curves are as follows: 


= o-ow ITT F i 

(23) 

4 Vh°- 10 rri p fV 

( 2i>. ) 


The correlation of ACi^ for Frise balances does not 

necessarily apply at zero aileron deflection but does 
apply to the negative range of aileron deflection where 
the effect of the balance is greatest. In the positive 
range of aileron deflection, Frise balances have almost 
no effect on aileron hinge moments. 

The data used in the correlation of ACw of 

figure 26 were obtained from finite-span aileron models 
and from two-dimensional models, but the data used in 
the correlation of ACh a were obtained only from tests 

of finite-span aileron models. hen compared on the basis 
of the same correlation factors, the available two- 
dimensional data on ACh a were in poor agreement with 
the finite-span data. The available data on finite-span 
tail control surfaces indicate that for such surfaces 
the incremental slopes ACh a and AC^g that are 
attributable to a given overhang balance are about 
JO percent greater than the incremental slopes indicated 
by figure 2o. 

Charts for estimating the required length of over- 
hang for balances having several representative nose 
shapes are presented in figure 2.1. For a given design 
problem, the value of the product F3F2 ' corresponding 

to the required value of ACv, must first be obtained 

5 , 

from the correlation presented in figure 26. The value 

of ~g/c a required for this value of I' 1 ]_F2 t may then 

be estimated from figure 27 for any of the nose shapes 
considered. The charts given in figure 27 were derived 
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for ailerons on airfoils having the thickness distri- 
bution "©fined in reference kb. These charts may be 
used, however, to obtain first approximations to the 
required overhangs for ailerons on airfoils having 
other thickness distributions. For such airfoils, more 
reliable values for the required overhangs can be 
obtained by calculating the value of the product F3F2 ’ 

corresponding to the first -approximation value 
of c b /c a from the expressions given in figure 2k 


for Fp ’ and the charts of figure 25 for F^ and Fp. 
If the calculated value of F-jFp* does not agree with 
the required value obtained from figure 26, a new value 
of c b /c fl must be assumed and the process repeated 

until satisfactory agreement is obtained between the 
required and the calculated values of F^Fp * . 


C ritical deflection .- The deflection range of ailerons 
having exposed-overhang or Prise balances usually must be 
restricted within limits defined by some critical 


deflection 8 


a. 


cr' 


beyond which the overhang ceases to 


have a favorable effect on Cv,_ and the lift ceases to 

a 6 

increase linearly with deflection. In an analysis 
re 1 or ted in reference k6, an attempt was made to 
correlate o ac _^ with the product FpFp ! , which was 

used in the correlation of ACvic* The correlation was 
not satisfactory, however, because o 


a 


seemed to be 


cr 


influenced much more strongly by the nose shape than 
by the overhang length, and smaller values of 6 a 

usually were obtained for rearward locations of the 
maximum airfoil thickness than for forward locations 
of the maximum airfoil thickness. A somewhat better 
correlation of 5 a CT , (see fig. 2C) was obtained in 

. , " Fp * ' / Fi 

reference h.o in terms of the factor — 1 — A, where l 

1 - l Z 

is the distance (as a fraction of the wing, chord) from 
the minimum pressure point for the basic airfoil pressure 
distribution to the airfoil leading edge. For the plain 


a 


cr 


were 


overhangs of figure 2b, the values of 6 
somewhat larger numerically for negative deflections 
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than for positive deflections because most of the airfoils 
considered were cosabered. Although the test values are 
somewhat scattered from the faired curves, the given 
relation should be sufficiently reliable to serve as a 
rough guide in preliminary design word or to make 

estimates of the change in Q a that might be exoected 

cr 

to result from minor modifications to the overhangs or 
most shapes of balances already in use. 

Increases in the critical deflection 5 a may be 

a cr 

expected to result from increases in the aileron-balance 
nose radii, from decreases in the balance chord, and 
from forward movements of the airfoil minimum pressure 
point. Other means for changing the critical deflection 

are available, however. Awn re ci able increases in 5 n 

d cr 

of exposecl-overhang balances have been obtained by 
equipping the balance nose with a slat or a slot or by 
bulging the surfaces of the control near the hinge line. 
With the possible exception of the addition of the slot 
or the slat, however, any known modification that 
results in an increased value of 8 a reduces the 

aerodynamic balance for small deflections. 

dffectl veness . - The lift-effectiveness parameter Aa/A8 
is changed somewhat by an overhang balance and the magni- 
tude of the change is dependent on the gap at the balance 
nose. A correlation of these effects is given in refer- 
ence 1.6 and the faired curves of that correlation are 
reproduced in figure 29 . The value of aa/A5 increases 
as the balance (defined by the product ' ) is 

increased and the rate of increase is greater for the 
larger gaps. For the sealed-gap condition the increase 
in Aa/AS with increased aileron balance results from 
an increase, in c , whereas, for highly balanced 

ailerons, the increase in Aa/Ao with increased gap 
size is caused primarily by a decrease in cj, . The 

values given in figure 2 ') are applicable only to small 
deflections, and because of the reduction with increased 
balance of the critical deflection 60 , the maximum 

lift increment of a highly balanced aileron usually is 
considerably less than the maximum lift increment of 
the corresponding plain aileron. 
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Design considerations .- A given value of 


6 

of balance 
short said 


usually can be obtained by many variations 
length and nose shape, ranging from rather 
blunt balances to longer balances v.dth sharp or medium 

noses. The increment ACv, is relatively independent 

lx a 

of nose shape, particularly for sealed balances. 3y 
careful selection of the overhang and the nose shape, 
therefore, many combinations of values of Cp_ and C 

c an be o o t ai ne d . 


u a 


h6 


varies approximately as 
varies a3 F^Mi 1 , indicates 


a long overhang and a moderate nose shape (type B, C, 
or D of fig. li.j. ) than from an aileron having a short 
overhang and a blunt nose shape (similar to type A), 



The 

fact that 

6a cr 

V 


whereas 

AO h§ 

tha 

.t for 

the same 

degree 

of 

lift - 

■> rob ably c 

an be < 


Other considerations impose limitations on the 
most desirable length of overhang. A long overhang 
requires that a large part of the fixed structure of ‘the 
wing be cut away to allow free movement of the balance. 
The large breaks in the airfoil surface that result 
from the use of medium or sharp nose shapes have been 
found to increase the drag. 


A nose shape cf type C if designed for slight 
underbalance at low deflections may give overbalance at 
moderately large deflections, because the peak negative 


pressure over 
increases 


the protruding balance moves forward and 


in magnitude as 


appro acne a 


the 


the aileron deflection 
critical value. All the pointed nose 
shapes (types D, S, or F) shorn' a greatly increased 
balancing effect when the nose protrudes above or below 
the airfoil contour, unless the air flow already has 
separated from the aileron c.fc that deflection. This 
condition normally should be avoided by restricting the 
available aileron deflection. 


The "'rise type of aileron balance was developed 
as a -/ossible means for increasing the profile drag of 
the up going aileron, and therefore, for reducing the 
adverse yawing moment. This property cannot be 
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re all zed with raost airplanes, however, because almost 
no increase in profile drag is obtained until the air 
flow separates from the protruding nose. A small amount 
of flexibility in the control system may cause severe 
aileron shake when the aileron is near the oeflection 
at which separation begins. At higher deflections the 
aileron may be stable, but the hinge moments usually are 
excessive and the lift effectiveness is reduced. 


A disadvantage of the Prise balance results from 
its ineffectiveness for reducing hinge moments at 
positive aileron deflections. Frise ailerons may have 
to be overbalanced for negative deflections, therefore, 
in order to reduce the net hinge moments of the two 
ailerons to values that can be' handled by the pilot. 

This condition causes the stresses in the aileron 
linkage system, to be much higher than they would be for 
a balance that is equally effective for positive and 
negative deflections. High stresses in a flexible 
control system not only aggravate the tendency to shake, 
but may allow an aileron to be 11 snatched" to a large 
negative deflection during certain critical air-plane 
maneuvers, as, for example , a roll while pulling out of 
a high-speed dive. 

Flight tests of Prise si lerons . - An investigation 
was conducted on the XPldl-l airplane to determine means 
of alleviating the aileron shake that occurred at 
moderate negative deflections. The original ailerons 
and a ni'iuer of modified ailerons were tested. The 
various aileron profiles are shown in figure 50 , 
together with a tabulation of some of the important 
aileron characteristics. The modifications consisted 
principally of bulging the lower surface or of adding 
a slat at the lower surface of the balance nose. Either 
of these modifications was found to reduce the shake, 
but the bulged ailerons, when used with the original 
differential linkage, were unsatisfactory because they 
required excessive control forces. The aileron with a 
nose slat at an angle of 32 ° seemed most satisfactory, 
because the shake was almost entirely eliminated, the 
stick forces at high deflections we re reduced, and the 
maximum value of pb/2V was increased. 


An aileron development program for the 
•plane was undertaken not only to reduce the 
but also to reduce the aileron stick forces 
aileron deflections. The original ailerons 


P-VfC-l-RE air- 
aileron shake, 
at large 
(fig. 5D 
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for this airplane had very small radii of curvature at 
the balance nosea, and although the stick forces were 
ve?*y light for small aileron deflections, flow separation 
from the balance nose caused very high stick forces at 
large aileron deflections . Modified ailerons (fig. 31 ) 
having increased nose radii and. increased balance chorus 
were designed and were tested, in flight. Preliminary 
tests showed that these ailerons tended to overbalance 
when used, with the original linkage (maximum reflections 
of - 16 ° and 12°). Tests made with the linkage arrange- 
ment changed to give maximum deflections of rig 0 indi- 
cated that, although the available pb/2V was increased, 
the stick forces were heavier than with the original 
ailerons. A Republic differential unit, which gives 
a hi her mechanical advantage for small deflections than 
for large deflections, was then Installed. Comparisons 
of the characteristics of this aileron arrangement with 
the characteristics of the original ailerons are given 
in figure g 1 . go cause of the greater available deflec- 
tion ran e, the modified ailerons were more effective at 
low needs than the original ailerons, but at an indicated 
airs need, of liOO miles per hour, the value of pb/2V 
obtainable with pO pounds stick force was greater for 
the original ailerons. Decreasing the maximum deflec- 
tions of the modified ailerons to ±lp . ; y 0 caused these 
ailerons to be more effective than the original ailerons 
throughout the speed, range . No aileron shake was 
resorted during tests of the modified ailerons. 

The fact that control-system stretch may have a 
large effect on stick-force characteristics was shown 
during, tests of a P-1.0F airplane equipped with highly 
balanced Prise ailerons linked for maximum deflections 
of The aileron profile and a comparison between 

forces measured for the actual elastic control system 
and. forces computed for an assumed rigid system are pre- 
sentee in fi.--.ure 32. As in many Prise aileron systems, 
the ailerons tested were overbalanced for negative deflec- 
tions and were unde rbu lanced for positive deflections . 
Because of control-system stretch, therefore, the posi- 
tive deflections generally mere smaller and, before flow 
separation had occurred, the negative deflections 
generally were greater than the deflect ions that would 
be obtained for the same stick position with a rigid 
control system. The air flow separates from the nose of 
the upgoing aileron at a given deflection regardless of 
stick" position, and a large increase in aileron hinge 
moment results. The total available deflection of the 
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two ailerons therefore was less for the flexible system 
than for the rigid system, and the reduction was greater 
at high speeds than at low soeeds. Computed stick forces 
presented in figure 35 show that the variation of stick 
force with stick position becomes more nonlinear as the 
flexibility of the system is increased and that a given 
amount of flexibility is more unfavorable at the higher 
speeds. Stretch has been known to cause violent over- 
balance of some aileron systems that incorporated dif- 
f e re n t i al ai le r on mo t i ons . 


Ailerons Having Sealed Internal Balances 

The internal type of aerodynamic balance has certain 
advantages over other balance types, particularly in 
application to high-speed airplanes. These advantages 
result from the fact that the lift, drag, and pitching- 
moment characteristics and the chordwise pressure dis- 
tributions of a wing with a plain sealed aileron are 
unaffected by the addition of a sealed internal balance. 

Sealed internal balances for use with ailerons 
usually consist ex' a plate (attached rigidly to the 
aileron nose) in a chamber that is vented to the air 
stream in such a manner that a pressure difference 
across t3.ic elate is created principally by aileron 
deflection and to lesser degree by changes in the angle 
of attac 1 . A flexible seal connects the nose of the 
balance plate to the forward wall of the balance chamber. 


Sealed internal balances are considered to be more 
suitable to analytical treatment than other types of 
aerodynamic balance because the balancing force is 
obtained from the pressure difference between two 
chambers in which the air is essentially static. The 
balancin' moment, therefore, cm be derived from the 
geometry of the system provided the pressure difference 
is known. The characteristics of an aileron having 
almost any arrangement of the balance late and of the 
flexible seal can be calculated, therefore, from the 
characteristics measured for one particular balance 


configuration. If 
const an t a 1 • ng t he 
mo me nt coefficient 


the resultant 
aileron span, 
caused by the 


pressure coefficient is 
the increment of hinge - 
balance is related to 
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the resultant-pressure coefficient and to the geometry 
of the system by the following equation; 



where c^ is the root -mean -square chord of the balance 
plate and m s is the ratio of the moment contributed 
by the flexible seal to the moment contributed by the 
balance plate. 

Values of m s have been determined analytically 

(reference 5 ^) and checked experimentally (refer- 
ence 59 )• The experimental investigation included a 
number of arrangements for which the deflection of the 
balance plate is restricted and the shape of the flexible 
seal is constrained by balance -chamber cover plates. 

Some of the experimentally determined values of m s for 

several typical balance arrangements are presented in 
figure : jh . . For all arrangements represented by figure 3-!> 
the seal was attached to the forward wall of the balance 
chamber at the vertical location corresponding to the 
intersection of an extension of the balance plate (at 
zero deflection) with the forward wall of the balance 
chamber. Hhen the resultant pressure coefficient p-^ 

and the balance plate deflection 5^ are of the same 
algebraic sign, values of m s always should be taken 
from figure jb. at positive values of 6^, regardless 
of the actual sign of 5bp» If> on the other hand, Pf> 
and 6^ are of opposite sign, values of m g should 
be taken at negative values of 6^ 0 . 

The effect of a sealed internal balance frequently 
is calculated approximately from the following equation: 



(2o) 
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where Cj is the root -me an- square of the overhang, the 

nose of which is assumed to be located midway between 
the two points of attachment jf the flexible seal, and F-, 

is the overhang factor used in the correlation of data 
on plain- overhang and Prise balances. (See fig. 25 .) 

Computations based on the seal arrangements con- 
sidered in figure %l\. indicate that for some arrangements 
values of ACv computed from equation ( 26 ) may be 

considerably in error. The error is small, however, 
for the arrangements that appear to give the most 
desirable aileron hinge-moment characteristics. Such 
arrangements involve small gars (O.lc^ or less) and 

seals that are just wide enough to be tangent to the 
cover elate of the balance chamber when the aileron is 
at maximum deflection. Equation ( 25 ) is always recom- 
mended for use, however, when the exact seal configura- 
tion is known and when the resultant pressures across 
the balance plate have been accurately determined for 
the particular wing-aileron arrangement that is being 
considered. 

In many instances the exact seal configuration is 
not well defined or the resultant pressure coefficients 
are unlcnov/n. Approximate correlations of the effect of 
sealed internal balances on the hinge-moment parameters, 
Ch a and Cj, , therefore, are convenient. Such correla- 
tions (fig. 55 ) have been obtained from the available 
experimental data (see table IV) without taking into con- 
sideration the effect of airfoil profile on the resultant 
pressures and with the assumption that the geometrical 
relations expressed by equation ( 26 ) are sufficiently 
reliable. These correlations are intended to supersede 
those given in reference i;5. The equations of the faired 
correlation curves are as follows: 



(27) 


ACh~ =0.09 


A 


\ 



( 28 ) 


o 


c 
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Those correlations are believed to be most reliable 
' he n the following conditions apply; 

(1) The balance plates are attached, ri gidly to 
noses of the ailerons and the vents are as close to 
the hinge line as practicable 

(2) There is no leakage across the seal 

(5) The cover plates are of airfoil contour 

Small variations in any of these conditions may cause 
large changes in the effect of an internal balance. 


An indication of the probable effects of changes in 
the chordwise location of the balance -chamber vents 
(determined from data of references L.J and I. 1 . 5 ) is given 
in figure 56 for an aileron of l 8 -percent chord. Moving 

the vents forward of the hinge line causes p 0 to 

il a 


increase and to decrease. For internal balances 

of the tyoe considered in the correlations, the variation 
of the resultant pressure across the balance plate with 
deflection usually is about two- thirds the variation of 
the peak resultant pressure at the hinge with deflection. 


The characteristics of internally balanced ailerons 
have been found to be very sensitive to the alinement 
of the cover plates just forward of the vents. The 
effects of mis alinement as determined in a few tests, 
are shown in figure yj (data from reference 45)* When 
small aileron deflections and small changes in angle of 
attack are considered, bending the cover plates slightly 
out normally decreases the effect of the balance on 

and increases the effect of the balance on . Bending 

the cover plates out us ually decreases the deflection 
range for which the balance has an effect on the hinge- 
moment slopes, probably because of the earlier separation 
of the flow. For large aileron deflections the control 
forces may be larger when the cover elates are bent out 
than when the cover plates are of true contour. 


The loss in balancing effect caused by leakage 
across the balance elate is significant because of the 
difficulties involved in installing completely sealed 
internal balances, because some means usually must be 
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provided, for draining water from the upoer balance 
chamber, and because of the convenience of mating small 
adjustments to the amount of aerodynamic balance by 
varying the amount of leakage. 

Leakage across the balance plate of an internally 
balanced aileron affects the aileron hli\;e moments by 
reducing the ores sure difference across the balance 
plate and by altering the flow conditions behind the 
balance “chamber vents. In an analysis presented in 
reference ['. 5 , a correlation of wind-tunnel data on the 
effects of leakage was obtained by expressing the 
incremental effect of the internal balance on C^q as a 

function of the ratio of leak area to vent area (see 
fig. 3d) . For this correlation the vent area is defined 
as the minimum area between one balance -chamber cover 
plate and the nose of the aileron. This correlation 
neglects any effect of leakage on the flow conditions 
behind the vents. For most true-contour ailerons this 
effect is small and the correlation that was obtained by 
neglecting this effect has been found to apply satis- 
factorily in most instances. 

The effect of leakage on the flow conditions 
behind the balance-chamber vents may be Important for 
thick cusped airfoils having their maximum thickness 
located far back. Data obtained from tests of such an 
airfoil in two-dimensional flow (reference 52 ) are com- 
pared in figure 3^ with the data used to obtain the 
original correlation. For the model of reference p2 
leakage couses the flow to -separate at the aileron hinge 
and thereby causes a large change in the external pres- 
sure distribution. (See fig. 39* ) The change in pres- 
sure distribution not only causes an increase in the 
aerodynamic moment over the part of the aileron behind 
the hinge but, because of the reduction in the external 
pressures in the vicinity of the balance -chamber vents, 
also causes a large reduction in the pressure difference 
across the balance plate. For the model of reference 52, 
the value of Cgg for the aileron with 0.75 c a overhang 

and with a ratio of leak area to vent area of 1.0 is 
more negative than the value of for the plain 

sealed aileron. 

Flow through the balance -chamber vents, which 
results from leakage across the balance plate, may be 
expected to alter the boundary- layer conditions in such a 
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manner that the balancing effect of a large trailing- 
e<='»e nnrle is increased (see fig* 1-'!-) • ' L - ie enect 0x 
leakage on the hinge moments of .an internally balanced 
aileron therefore con be expected to be smaller when 
the trailing- edge angle is large than when dhe irailin^- 
edre angle is small. Vvhen the leahage does not cause 
the flow to separate at the aileron hinge, the eilect 
of leakage on the hinge moments of an internally balanced 
aileron bavin? a large trailin'- -edge angle may be less 
than the effect indicated by the correlation curve 

(fig. 33). 

The available data have indicated that the percent 
reduction in ACh a resulting from leakage is about the 

same as the percent reduction in ACfc-g 


Ailerons Having Linked Tabs 

A tab that is linked in such a manner that the tab 
deflection de wends only on the aileron deflection is 
commonly called a linked tab. Such a tab is a very con- 
venient device in that it can be combined with any of 
the aileron balances that already have been discussed 
and because the balancing or unbalancing effect can be 
altered readily by changing the ratio of tab cer lection 
to aileron deflection. 

A unique characteristic of a linked tab is that a 
large" change in C h& can be produced without causing 

any appreciable change in C hQ , ; a small effect on 

introduced by the tab linkage usually may be neglected. 
Almost any desired values of C ha and (? h& can there- 
fore be obtained by combining the linked tao with one 


oi 




l© other balancing devices. 


Because 


balancir 


nr linked tab deflects in a direc- 


tion opposite to that of the aileron to which it is. 
attached, a reduction occurs in the net lift resu_ting 
from aileron deflection. An analysis of a large amount 
of -ores sure -distribution data on an KACA 0009 airioil 
(reference IlJ ) indicates that the most efficient trailing- 
ed-ve balancing tab is one having a chord between HO per- 
cent and 25 nercont of the aileron chord, oecause such 
a tab produces the least change in lift for a given 




54 


MCA TN No. 1245 


change in aileron hinge m-ment. On the other hand, a 
linked tab used to augment the lift of an aileron 
(leading or unbalancing tab) should produce the greatest 
change in lift for a given change in aileron hinge 
moment. A tab of this type is most efficient when the 
tab chord is equal to about 50 percent of the aileron 
chord . 


_ The influence of a linked tab on aileron effectiveness 
can be calculated by considering, the tab to be a small 
aileron and by using the methods for calculating aileron 
effectiveness that already have been explained. The 
change in aileron effectiveness can be expressed in a 
form convenient for some analyses by means of the helix- 
angle reduction factor 1:^, which can be given with 

sux ficient accuracy for preliminary d.esipn by the 
equation 





Ad 

T5 


tab 


■ 0/ aileron 


d5 a 


( 29 ) 


In the usual case, a tab linked for balancing should, be 
placed at the soanwise location corresponding to the 
maximum, aileron chord in order to produce the most 
balance for a given change in aileron effectiveness. 


The effect of linked tabs on the hinge moments of 
ailerons is expressed in the present analysis as a 
function of the deflection ratio d5. t /d6 a and of 

four factors that are defined as follows; 



( 50 ) 
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F^ = 1,5 - O.O2&0 


( 52 ) 



( 55 ) 


The factor accounts for the effects of the span and 

the s panwise location of the tab. The factor Fj 


aileron chord. The factor F^ accounts for the effect 

of the t railing-edge angle , and the factor F^ accounts 

for the effect of the tab on the pressure difference 
across an aileron overhang balance (either exposed or 
internal). The inclusion of the factor Fg in the tab 

correlation makes unnecessary an adjustment in the 
increment resulting from an aileron overhang 

balance for the effect of the- tab on the pressures 
across the overhang balance. 

For wings having linear taper, constant-percentage- 
chord ailerons and tabs, and tabs beginning at the 

inboard ends of the ailerons, the ratio " c " a 1 / c " a 

involved in the factor F^ can be evaluated with 

sufficient accuracy for most design work by means of 
the relation 


accounts for the effects of the tab chord and the 




where is the wing taper ratio. The factors F^, 

F[j , and F- can be evaluated conveniently from the 

charts given in figure uO. An inspection of the 
fact or F£ reveals that tjje term 



J 
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is similar to the expression for the overhang factor F^ 

used in the correlations of e xposed- overhang and sealed 
internal balances, with the exceptions that the various 
chord and thickness elements are the root -me an- squares 
of values measured over the tab span rather than over 
the aileron span, and the overhang- span ratio bb/b a 

is omitted. This term in the factor can be 

evaluated, therefore, from the chart given for in 

f i gur e 2 5 . 

The correlation of the effect of linked tabs on the 
aileron hinge -moment parameter is given in fig- 
ure Ll (data from reference Some information 

regarding the models considered in the correlation is 
given in table V. The equation of the correlation 
curve is 

4C hs = 0.02a p 3 ^f 5 f 6 (55) 


This equation may be used to e 

change in Ch, of an aileron 
n 5 

linked, tab or to estimate the 
that are capable of producing 

of an aileron. 


stimate the incremental 
resulting from a given 

configurations of tabs 
a given change in 


The effect of a tab on aileron hinge moments usually 
decreases slightly when a gap is opened, at the nose of 
the aileron. This effect is illustrated in figure li,2 
for a model in two-dimensional flow. 


The effect of a gap at the nose of a tab may be 
very large, although the available data on this effect 
are too inconsistent to permit any reliable correlation. 
For some ailerons, such a gap has resulted in a reduction 
of the tab balancing effect by as much as $0 percent » 

In any design the tab gap should be sealed or at least 
made as small as possible. 
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Comparisons of Various Balancing Devices 

H inge-moment c h ar act eristic s . - The correlations 
that have been presented may be used to illustrate the 
relative effects of the various balancing devices on 
the hinge-moment parameters and . The 

variations in these parameters that might oe expected, 
to accompany the addition of each of the balances to 
a 0 , 25 c. plain aileron on an assumed fighter-airplane wing 
(fig. kp) are shown in figure bi \ .. By means of methods, 
which already have been described, the values of C} la 

and Ck of the true -cent Our* plain aileron are esti- 
a 6 

mated to be -0.0012 and -O.OO65, respectively. 

A line of zero stick force (see equation (7)) 
is indicated in figure bJj. for an aileron extending 

from 0 , 55 ^ to 0.97$. Constant values of F s /q 

over the ranges of angles of attack and of aileron 
deflections for which the parameters Cft a and 

are applicable may be represented by lines drawn 
parallel to the line of zero stick force. Because of 
the positive slope of the lino of zero stick force, the 
increment ACy, required for a given reduction in stick 
x o 

force is largest for balances that produce the greatest 
change in Cp for a given change in Cp^. In the 

order of increasing effects on Gjj for a given effect 
on €■■■■■ , the various balances may in general be listed 

as follows; balancing tab, sealed internal balance, 
plain- overhang balance, and balance obtained by 
increasing the trailing-edge angle. 

The comparisons given in figure l;i;. were obtained 
from the correlations that were derived from low Mach 
number data. The results given are not necessarily 
applicable, therefore, at high Mach numbers. 

The combinations of two or possibly three types of 
balance may be desirable in order to obtain specified 
va.iu.es of the aileron hinge -moment parameters or in 
order to avoid the difficulties that are encountered 
almost invariably v.’hen a large amount of one type of 
balance is used. The effects of such combinations on 
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the aileron hinge -moment parameters may be illustrated 
by means of figure hli.. Because moderate changes in 
trai ling-edge angle have only a small influence cn the 
incremental effects of exposed- overhang or sealed internal 
balances, the curves representing these balances may 
originate from any point on the curve representing 
various t railing-edge angles. The curve representing 
the balancing tab may originate from any point on the 
curve representing various trailing -edge angles, or on 
the curves representing various overhang balances 
(exposed or internal), but the increment AC^ attrib- 
utable to a given linked tab is altered by vari ati ons 
in the trai ling-edge angle or in the aileron overhang. 

Because of the desirability of obtaining increased 
rolling moments for given aileron deflections, con- 
sideration frequently has been given to a combination 
involving a very wide -chord sealed internal balance and 
an unbalancing (leading) tab. Such an arrangement , 
although probably satisfactory for commercial airplanes, 
has been considered undesirable for military airplanes 
because of the possibility of the tab being shot away, 
thus leaving the ailerons overbalanced. 

Effect of angle of rig .- An analysis reported in 

reference 6L. was made to determine the effects on the 
stick-force characteristics of changes in the angle of 
rig of beveled ailerons, of ailerons having Prise balances, 
and of ailerons having sealed internal balances. The 
results of the analysis are summarized in figure 
The stick-force characteristics of the ailerons having 
Prise balances were found to be very sensitive to the 
angle of rig, whereas the stick-force characteristics 
of ailerons having beveled trailing edges or sealed 
internal balances seemed to be relatively insensitive 
to the angle of rig. In general, when there is no 
differential in the linkage system, only ailerons having 
decidedly nonlinear hinge-moment curves, particularly 
at aileron deflections near 0°, may be expected to be 
sensitive to changes in rigging. 

Rolling performance .- Data have been collected 
on the rolling-oerf ormance characteristics of a number 
of fighter airplanes of American and foreign manufacture. 
Pertinent details of the wing-aileron arrangements of 
these airplanes are given in table VI. All the balancing 
devices that have been discussed are represented. 
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Comparisons are made on the basis of the helix 
angle pb/2V and the rolling velocities obtainable 
at 10,000 feet altitude with a 50 ~P°und stick force 
(figs, lf.6 and 7)» An accurate rating of the balanced 
ailerons is not possible from the data presented. The 
only conclus? on to be drawn perhaps is that good per- 
formance can be obtained from ailerons having any of 
the various balances, provided sufficient care is 
exercised in the design and development. The wide 
variations in the performance of airplanes having Prise 
ailerons may be an indication of the well-known fact 
that Prise ailerons are extremely sensitive to each 
of a large number of design parameters. 


Application to Arrangements Involving Full-Span Flaps 

Several methods for incorporating conventional 
flap-type ailerons in arrangements that involve full- 
span lift flaps have been proposed. In some of the 
more promising arrangements, the lateral-control system 
ic made up of a combination of conventional ailerons 
with a spoiler-type lateral-control device. Only the 
characteristics- of the conventional ailerons are con- 
sidered at this time. The characteristics of spoiler- 
type devices are discussed in the section of the present 
paper entitled "Spoiler Devices, Part IV." 

Fl ap - t rai ling- edge ailerons .- In some full-span- 
flap arrangements, conventional ailerons are installed 
in the rear parts of the lift flaps (references 65 
to 69 ). For such arrangements, conventional aileron 
balancing devices can be used, although the aileron 
chord may have to be limited to about 10 percent of the 
wing chord. In order to obtain a reasonable amount 
of lateral control, the aileron span must be long, 
although only a small increase in lateral control is , 

obtained by extending the ailerons inboard of stations 0.2— 
from the plane of symmetry. ^ 

The rolling-, yawing-, and hinge -moment charac- 
teristics of a plain aileron at the trailing edge of a 
slotted flap (reference 67 ) are presented in figure 1|.8„ 

Y,hen the flap is retracted the aileron characteristics 
present no unusual problems, "hen the flap is deflected, 
the aileron maintains most of its effectiveness for 
negative deflections but is relatively ineffective for 
positive deflections. These characteristics are such 
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that in order to obtain the best rolling performance a 
differential aileron motion should, be used, when the 
flap is deflected, but not necessarily when the flap is 
retracted. The use of the differential with flaps 
deflected may cause some ailerons to be overbalanced, 
however, if the ailerons are designed, for closo aero- 
dynamic balance when the flaps are retracted. 

The yawing characteristics of an airplane having 
a lateral-control device consisting only of flap-tr ailing- 
edge ailerons may be expected to be very unfavorable 
when the lift flans are deflected, because the adverse 
induced, aileron yawing-moment coefficient varies directly 
with the lift coefficient, and because the variations 
in profile drag caused, by aileron deflection also con- 
tribute an adverse yawing moment. 

Considerations of over-all characteristics indi- 
cate that when full-span flaps are fully deflected, 
lateral control should be obtained from some device 
othor than conventional ailerons at the trailing ed.ges 
of the flaps. 

Drooped ailerons . - Ailerons outboard of partial- 

span flaps sometimes are drooped and operated differ- 
entially ’-hen the flaps are deflected. In other 
arrangements a single flap or the rear flap of a double- 
slot ted-f lap combination is used to provide lateral 
control as well as lift. The lateral-control charac- 
teristics for all of these arrangements are very similar 
to the lateral-control characteristics for flap trailing- 
ed.ge ailerons; that is, when the ailerons are drooped 
the aileron effectiveness for positive deflections is 
low and the adverse yawing moments for either positive 
or negative deflections are high. The problem of 
providing aerodynamic balance for lateral control ’while 
maintaining an efficient high- lift device, may be more 
difficult for drooped ailerons than for flap-t railing- 
edge ailerons. 

Ailerons with retractable flaps . - A number of 
investigations have been made of conventional flap- type 
ailerons in combination with lift flaps that may be 
retracted ahead of the ailerons. In an early adaptation 
of tills arrangement the flap moved rearward as it was 
deflected, but no gap was left between the flap nose 
and the 1 owe r surface of the wing. The lower surface 
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of the aileron, therefore, v. r as completely shielded by 
the deflected flap. In spite of this shielding effect, 
flight tests (reference JO) indicated that the ailerons 
were nearly as effective with flaps deflected as with 
flaps retracted, and the yawing characteristics at a 
given lift coefficient were less unfavorable with the 
flaps deflected than with the flaps retracted. 

'VI nd- tunnel tests indicate that some improvement 
in the characteristics of ailerons with retractable 
flaps can be obtained if a gap is left between the nose 
of the deflected flap and the lower surface of the 
wing. An arrangement of this kind may consist either of 
an approximately full-span, narrow-chord aileron in 
combination with a single full-span flap (reference 71 ) 
or of a partial-span aileron in combination with full- 
span duplex flaps (references J2 and 73)* Although the 
aileron effectiveness may be somewhat less when the flap 
is .at some intermediate position than when the flap is 
retracted, the aileron effectiveness can be even higher 
when the flap is fully deflected than when the flap is 
retracted. This fact is demonstrated by the data (fig. 
obtained from the tests reported in reference 71 * The 
indicated flap positions correspond approximately to 
positions on the flap path selected in reference 71 * 

When the flap is frilly deflected, only small positive 
aileron deflections are effective in increasing the 
rolling moment, but negative deflections as large 
as - 5 O 0 are effective. A differential aileron motion 
should be used, therefore, to obtain maximum rolling 
moment. A tendency toward overbalance of the differ- 
entially operated aileron is indicated by the large 
negative floating angle when the flap is fully deflected 
Data given in reference J1 indicate, however, that this 
tendency is reduced by increasing the chord of the 
sealed internal balance. 

Although the yawing-moment characteristics of 
flap-type ailerons used with retractable flaps generally 
are not favorable, at a given wing lift coefficient the 
yawing moments usually are less unfavorable with flaps 
deflected than with flaps retracted. 

Effects of Air-Plow and Wing-Surface Conditions 

The preceding discussion has been concerned 
primarily with the characteristics of ailerons under 
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certain very restricted conditions; tliat is, the Mach 
number was low, transition was assumed to occur f ar 
forward on the airfoil, and the ailerons were of suffi- 
ciently rigid construction to prevent any appreciable 
distortion by the aerodynamic forces. In the present 
section the effects of deviations from the previously 
assumed conditions are discussed and some information 
is provided from which rough quantitative estimates of 
these effects may be made. The applicability ci the 
information is limited by the fact that the aval lable 
data are not sufficient to oermit an accurate deter- 
mination of the relative importance of the various 
factors concerned. 

Boundary - 1 aye r eff ects .- Laivge variations in aileron 
cliaracteri sties may res ul t f r om changes in the thicknesses 
of the boundary layers at the surfaces of an aileron. At 
low Mach numbers the thickness of a boundary layer depends 
largely on the chordwise location of the region of 
transition from laminar to turbulent flow. For a given 
airfoil the most important factors that govern the 
transition location are the .airfoil surface condition, 
the Reynolds number, and the air-stream turbulence. 

The relative importance of each of these factors is 
not easily established, but experience indicates that 
for almost any airfoil, transition near the leading edge 
may be brought about by the wing roughness that may ^ 
result from conventions.! airplane fabrication methods 
or by a Reynolds number within the flight range of some 
airplanes. The turbulence that exists in some wind 
tunnels is sufficient to induce transition near the 
leading edge for most airfoils. 

In a recent unpublished theoretical study, values 
of the section hinge -moment parameters c^ a an & c hQ 

in viscous flow were computed for ailerons having small 
trai ling-edge angles. The method used was based on the 
concept that differences in the thicknesses of boundary 
layers at the upper and lower airfoil surfaces effec- 
tively alter the camber of the airfoil. Computations of 

the 'oarameter c-s-. were made for ihe conditions ol 
* ~ “8 

fixed transition at the leading edge and at 0.5c, and 
computations of the parameter c h<x v - r ® r8 riade for the 
condition of fixed transition at the leading edge. 

(See fig. 50.) Conditions of fixed transition location 
may not represent accurately the boundary- layer conditions 
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that are most likely to he encountered in flight, because 
for most airplane wings changes in the transition loca- 
tions on the upper and lower wing surfaces can be 
expected to result from changes in angle of attack or _in 
aileron deflection. The results presented in figure pO 
therefore are considered to be of use principally for 
illustrating the possible magnitude of the effects of 
the boundary layer rather than for providing numerical 
values of the hinge-moment parameters for use in design. 

Wind-tunnel investigations of aileron characteristics 
frequently include tests of a model with smooth airfoil 
surfaces and. with roughness s trios or wires near the 
airfoil leading edge. The fact that the effects of 
roughness strips at the airfoil leading edge may be 
expected to be greater when the t rai ling-edge angle is 
large than when the tr ailing-edge angle is small is 
illustrated in figure 51. In these tests the addition 
of roughness s trios at the leading edge resulted in 
positive increments of Ciig 2.0005 O.OO25 for 

trai ling-edge angles of 6° and pg 0 , respectively. _ The 
roughness strip also caused a somewhat greater reduction 
in Cjg when the trailin' -edge angle was large than when 

the trai ling-edge angle was small. The available data 
are insufficient to show the effects of trailing-edge 
angle on the changes in c^ and cj a caused by the 

addition of the transition strip, but these effects are 
expected to be somewhat similar to the effects on c^g 

and c 7 . 
l 6 

The transition location on the upper surface of a 
smooth low-drag airfoil usually moves forward very 
rapidly as the angle of attac 1 ', corresponding to the 
upper limit of the low-drag range, is exceeded. A 
similar effect usually occurs on the lower surface as^ 
the angle of attack is decreased below the lower limit 
of the low-drag range. Curves of Cj7 a plotted against a 

may be characterized by an irregular shape, therefore, 
as indicated in figure 52. The shapes of these curves 
are such that a large sudden change in the floating 
tendency of an aileron may be expected at the limits of 
the low-drag range. This effect is most noticeable 
for low-drag airfoils having large trai ling- edge ^angles. 
The irregularities in the curves of Cj la plotted against 

do not occur when conditions are such that extensive 
laminar flow is prevented (fig. 52 ). 


64 


MCA TN No. 1245 


At a given angle of attack extensive laminar flow 
may occur over a wide range of control-surface deflec- 
tions. Curves of C^ plotted against 6 a , therefore, 

are not characterized by the irregularities noted in the 
curves of C^ plotted, against a. Roughening the air- 
foil surface may cause the slope Cw^ to be less negative 
through the greater part of the normal deflection range. 

The variation of transition location with angle of 
attack usually is less for smooth conventional airfoils 
(those having the thickness distribution defined in 
reference ii. 8 ) than for smooth low-drag airfoils. Test 
results indicate, as expected, that for approximately 
equal t railing-edge angles, the effect of adding 
roughness strips near the leading edge generally is 
smaller for the conventional airfoils than for the low- 
drag airfoils. 

Geometric parameters associated with overhang 

balances do not seem to be of much significance with 

regard, to boundary-layer effects. In the usual case, 

the re suit ant -ores sure parameters P p and. P. p are 

K a h.5 

more positive over the entire airfoil chord when the 
transition location is far back than when the transition 
location is far forward. The increased balancing effect 
caused by the more positive values of these parameters 
forward of the hinge line usually is small, however, when 
compared with the unbalancing effect of the increased 
positive values of these parameters near the aileron 
trailing edge. 

The effectiveness of a linked tab in changing 
aileron hinge moments usually is diminished by condi- 
tions that tond to increase the boundary- layer thickness. 
The addition of roughness strips at 0 , 25 c of one model 
having a 0 . 09 c tab resulted in a 25 -percent reduction in 
the rate of change of control-surface hinge-moment coef- 
ficient with tab deflection. 

Hach number effects .- The following discussion 
concerns Ra'ch number* effects only in the range of sub- 
sonic speed. 

In most wind-tunnel tests variations in Mach number 
are obtained simply by varying the tunnel speed. The 
indicated Mach number effects therefore include changes 


NACA TN No. 1245 


65 


in boundary- layer conditions caused by simultaneous 
changes in Reynolds number and, for some wind tunnels, 
by changes in the turbulence of the air stream. Because 
variations in either Reynolds number or in "!ach. number 
within the subcritical speed range may result in forward 
movements in the transition location, the true effect of 
Mach number is difficult to isolate from most wind- 
tunnel data. When the transition location is fixed and 
when the Reynolds number is held constant, variations 
in Mach number within the subcritical speed range seam to 
have small effects on the boundary-layer thickness. 

The profiles of 3 two-dimensional models that were 
tested in the Langley 8 -foot high-speed tunnel over a 
wide range of Mach numbers are shown in figure 55* The 
variations with Mach, number of the normal-force 

parameters c.p and c n are shown in figure 5 k an d the 
a o 

variations of the effectiveness factor Aa/A 6 , relative 
to the values of this factor obtained by extrapolating 
to M = 0 , are shown in figure 55 * Increasing the Mach 
number from 0 to 0.7 decreases the value of Aa/A5 by 
12 percent for the Prise aileron, by 35 percent for the 
true-contour plain aileron, and by 50 percent for the 
beveled aileron. These reductions in Aot/Ao, particularly 
for the true-contour plain, aileron and for the beveled 
aileron, probably are greater than the reductions that 
would have been obtained if the aileron nose gap had been 
sealed. Several unpublished investigations have shown 
that an open nose gap may cause large losses in control- 
surface effectiveness with increased Mach number. In 
the usual case, for ailerons having either open gaps or 
sealed gaps, the reduction in Aa/A5 is quite gradual 
until shock occurs on the airfoil. At speeds in excess 
of the speed at which shock occurs, the reduction 
in Aa/A5 is more rapid, probably because a t railing- 
edge flap cannot induce pressure changes forward of a 
shock wave. 

The variations with Mach number of the hinge- 
moment parameters (fig. 56 ) of the three ailerons con- 
sidered agree qualitatively with results obtained from 
other investigations of smooth airfoils. The test data 
available Indicate that when the trail! ng - e dge angle is 
small, the parameters c^ and c^ usually increase in 

absolute magnitude as the Mac?n number is increased. 

When the tr ailing-edge angle is large, the lei nge -moment 
parameters of smooth low-drag airfoils almost invariably 
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t»e c ome more positive when the Mach number is increased 
by increasing the tunnel speed, and the hinge -moment 
parameters sometimes change from negative to positive 
at s ome speed within the test range of Mach number. 

The large’ variations in the hinge-moment parameters 
noted between Mach numbers of 0.15 and O.4O (fig* 50(c)) 
probably do not result simply from compressibility 
effects, which would be expected to be small over this 
Mach number range. A large part of the indicated 
effects may be caused by variations in transition loca- 
tion resulting from increased Reynolds number as the air- 
speed is increased. The fact that a given change in the 
trai ling-edge angle of a smooth low-drag airfoil may 
produce much greater effects on the hinge-moment 
parameters at high Mach numbers than at low Mach 
numbers is indicated in figure 57* 

Yvhen an exposed-overhang balance (either Prise or 
plain) is used, the center of pressure of the aileron 
load resulting from aileron deflection usually moves 
forward as the critical Mach number is approached. 

The parameter Cv^ therefore tends to become less 

negative. This effect may cause the aileron to become 
overbalanced near the critical Mach number, even though 
the trailin.-edge angle is small. Adverse compressi- 
bility effects probably will be encountered at a lower 
Mach number with ailerons having small nose radii than 
with ailerons having large nose radii. 

Some unpublished data on an internally balanced 
aileron with a small trad. ling-edge angle have indicated 
that the effect of Mach number on aileron hinge moments 
is small -until shock occurs in the vicinity of the 
balance -chamber vents. Vi/hen shock on either the upper 
or the lower surface is in the vicinity of the vent, 
the variation of aileron hinge moments with either 
deflection or angle of attack may become very nonlinear. 
Internally balanced ailerons may become very heavy when 
shock moves to the rear of the vents because deflection 
of the aileron then can produce little, if any, pressure 
difference across the balance plate. 

Only a small amount of data is available on the 
variation with Mach number of the balancing effect of a 
tab. The results of two unpublished investigations 
indicate, however, that for ailerons having small 
trai ling-edge angles, the balancing effect of a tab is 
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essentially unchanged until shock is sufficiently 
developed to cause flow separation from the airfoil 
surface . 

Hie aileron hinge -moment parameters of an assumed 
fighter airplane (fig. 1;. 5) equipped with each of the 
three ailerons shown in figure 55 were estimated from 
the section data by methods described previously in 
the present paper. The results of the computations are 
presented in figure on which lines of constant -s/Q. 

for aileron deflections of i5° have been drawn (see 
equation (6)). The computations indicate that tne stick 
force for the true-contour plain aileron would increase 
with Mach number at a rate considerably in excess of the 
rate of increase of the dynamic pressure, whereas at 
Mach numbers greater than about 0.2 the beveled aileron 
would be overbalanced. For the deflection range con- 
sidered m figure 53, the Prise aileron was less 
sensitive to Mach number effects than either the true- 
contour aileron or the beveled aileron. Additional data 
given in reference 7--'- indicate, however, that at large 
negative deflections, the Frise aileron may oe very 
sensitive to Mach number effects because oi cne critical 
nature of the f lov; over the protruding nose of the 
balance. 

Surface-covering distortion . - Contour changes caused 
by ae r ocLvnamic forces may be of sufficient magnitude to 
produce objectionable stick-force characteristics for 
ailerons that otherwise would be satisfactory. The type 
and extent of covering distortion depends on the external 
■pressure distribution over the surfaces of the aileron, 
on the pressure inside the aileron, on the initial tension 
of the covering material, on the modulus of elasticity 
of the covering material, and on the method of attachment 
of the covering material. Different vent locations may 
cause positive, negative, or static internal pressures. 

An analysis of the effects of surface-covering. ^ 
distortion on aileron characteristics has been made by 
Bryant and Holoubok in Great Britain. A somewhat 
similar analysis is applied to elevators in reference 75* 
Typical distorted aileron contours for extreme internal- 
pressure conditions are illustrated in figure 59*' i or 
either lar^e positive or large negative internal 
pressures the* changes in stick force caused by distortion 
result chiefly from changes in the t railing-edge angle 
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as the airspeed is increased. Because such pressures 
stress the covering material and thus increase the 
rigidity of the covering material, the change in^ 
camber caused by the external-pressure differential 
between the upper and the lower surfaces of the 
aileron is reduced. 

Positive internal ores sure s cause both surfaces of 
the aileron to bulge. Bulging of the forward part of 
the aileron seems to have little effect on the hinge- 
moment parameters, but the increase in tr ailing-edge 
angle causes these parameters to become less negative. 

The stick forces, therefore, are decreased and may 
become overbalanced if the undistorted aileron is 
designed, to give stick forces within the required limits. 
In the ca.se of one airplane equipped witty fabric-covered 
ailerons, the internal pressure became so great during 
a high-speed dive that fabric failure resulted. 

Negative internal pressures cause both aileron 
surfaces to be drawn in with the result that the trailing- 
edge angle is decreased. The parameters Cj- i(x and 

therefore become more negative and the stick forces may 
increase to such an extent that the pilot’s ability to 
roll the airplane may be seriously restricted at high 
speeds. 

The data presented in figures 5*'- t<o 5^ feu the true- 
contour plain aileron and. for the beveled, aileron may be 
used to illustrate the effect of trailing-edge angle on 
the stick forces of a fighter airplane (fig. 1|.5 ) • The 
change in stick force per degree change in trailing-edge 
angle for aileron d.eflections of i5° Ts given as a func- 
tion of Mach number in figure 60. The results indicate 
that the incremental stick force caused by a 1° change 
in trailing-edge angle may be of the order of magnitude 
of the maximum allowable stick force for the assumed 
airplane. 


For internal pressures near static pressure, changes 
in stick force caused by distortion may result chiefly 
from changes in aileron camber. Under this condition 
the covering material is not highly stressed by the 
internal pressure; therefore, the external -pres sure 
differential can cause both surf aces to bow in the 
same direction. The aileron surf ace -covering distor- 
tion that occurred for such a pressure condition during 
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flight tests of a P-l>.OF airplane at an indicated airspeed 
of 350 ® 31 es per hour is shown in the photographs of 
figure 6 l. 

The effect of a change in camber on the variation 
of hinge-moment coefficient with aileron deflection is 
very similar to the effect produced by an unbalancing 
tab with a linkage ratio that increases progressively 
with increasing speed. Increased stick forces again 
result and the increases for this condition may be of 
greater magnitude than for the condition of negative 
internal pressure; furthermore, the changes in the hinge- 
moment parameters are greatest for small aileron deflec- 
tions because for small aileron deflections the surface 
covering is stressed the least and can deflect most 
rapidly. This condition results in a nonlinear variation 
of stick force with aileron deflection. 

In the foregoing discussion careful consideration 
of distortion effects is shown to be necessary in the 
design of ailerons for high-speed airplanes. As sug- 
gested by Bryant and Holoubok, the problem may be 
attacked in two ways. The distortion may be allowed 
but controlled by proper venting in order to obtain 
desirable stick forces throughout the speed range, or 
the greater part of the distortion may be prevented by 
using very close rib spacing or a stiff covering 
material. The second solution is far more satisfactory 
from aerodynamic considerations, but it has the disad- 
vantage of increasing the aileron weight. Distortion 
that occurs near the trailing edge, however, seems to 
have much greater effects on aileron characteristics 
than distortion that occurs near the hinge line; thus, 
the greater cart of the distortion effects probably 
can be eliminated by stiffening only the rear 25 percent 
of the aileron. 


SPOILER DEVICES 


Some success has been obtained with lateral-control 
devices that project from the wing surfaces into the air 
stream. V.hen located near the wing leading edge and 
when projected above the upper surface of the wing, these 
devices reduce the lift of the wing by spoiling the flow 
and thereby produce a rolling moment that is roughly 
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proportional to the lift coefficient. The name spoiler 
has been applied to these devices. The effectiveness of 
similar devices placed near the wing trailing edge is 
more nearly independent of the lift coefficient. The 
name spoiler also is used commonly in referring tc 
devices located near the trailing edge, even though the 
action of such devices is more like the action of split 
flans than like that of the de vj.ee s to which the name 
spoiler originally was applied. 

The spoiler-type lateral-control devices illustrated 
in figure 62 . are representative of most of the arrange- 
ments of these devices for which experimental results are 
available. Although certain aerodynamic characteristics 
are critically dependent on specific details of the 
spoiler arrangement, some statements may he made with 
regard to the characteristics of spoiler devices in 
general. 

Plight tests as well as wind-tunnel tests have 
indicated that when a spoiler is located far forward on 
a wing, an appreciable time lag may occur between a 
movement of the spoiler and the aerodynamic response 
resulting from that movement, and that small spoiler 
projections may produce verg little rolling moment or 
even a rolling moment in a direction opposite to that 
desired. As spoilers are moved rearward, the time lag 
is reduced, and in general the effectiveness for small 
sncller projections is improved. In these respects 
spoilers located at about 0.7c have oroved satisfactory 
in flight, although the final rolling moments at high 
positive lift coefficients are somewhat less for such 
spoilers than for spoilers located far forward. 

The fact that spoiler control is obtained simply 
through a decrease in lift of one v/ing has resulted in 
the criticism that difficulty may be experienced in 
raising a wing that had dropped. Such a difficulty can 
hardly be of a serious nature, however, because the 
decrease in lift caused by spoiler control usually 
results in a movement of the axis of rotation of no more 
than 20 percent of the wing semispan away frofn the plane 
of symmetry. 

The greatest advantage of spoiler devices perhaps 
results from their adaptability to arrangements that 
involve full-span lift flaps. An Important advantage, 
especially for tailless airplanes, results from the fact 
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I that the yawing moments caused by spoiler control may be 
favorable over a large part of the angle-of -attack range. 
The pi tching-moment characteristics of spoilers (fig. op) 
are iess adverse from considerations of wing twist than 
the pitching -moment characteristics of conventional flap- 
type ailerons; the rolling effectiveness usually increases 
with lift coefficient; and some lateral control may be 
retained beyond the stall. 


El ng e d -Flap Spoilers 

.An investigation of a number of configurations of 
spoilers of the hinged-flap type (fig. 62 (a)) on plain 
wings and on wings with split flaps and slotted flaps 
is reported in reference 79* Though the effectiveness 
of such spoilers is about the same as the effectiveness 
of some other spoiler devices, the hinge -moment charac- 
ter! sti cs generally are unsatisfactory unless a balancing 
device is provided. Some degree of balance may be 
obtained with a small plate that projects into the air 
stream below tho wing as the spoiler is deflected . 
(reference 80 ). 


Re t r a c t ab le - Arc Sp oi le r s 

Investigations of retractable-arc spoilers 
(fig. 62 (b)) are reported in references 65 , 70 , 77 t 
and Si. When such spoilers aro located sufficiently 
far rearward, the lag characteristics and the effec- 
tiveness for small spoiler projections generally are 
sati sf actory- with flaps retracted. With split flaps 
or slotted flaps deflected, spoiler projections as large 
as 0,02c may be ineffective, however, in producing 
rolling moment, Eiroerienoe with the P-61 airplane has 
Indicated that with slotted flaps deflected, the rolling 
effectiveness resulting from small spoiler projections 
may be improved either by ooening a slot just behind 
the sootier or by sealing the slot of the lift flap. 
Elimination of the flap slot, however, has detrimental 
effects on the lift and drag of the wing with flaps 
deflected. 

The hinge-moment characteristics of retractable-arc 
spoilers can be varied considerably by changing the width 
of the spoiler plate, die angle of the upper surface of 
the spoiler, or the distance between the spoiler pivot 
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axis ana the center of curvature of the epoiier plate. 

In most cases, however, the type of variation of hinge 
moment with spoiler projection that results in the most 
desirable stick feel can be obtained only through the 
use of some auxiliary device . A solution of this problem 
was obtained on the P- 6 l airplane by combining small 
conventional ailerons ("guide ailerons"), located near 
the wing tips, with retractable-arc spoilers (fig. 614 -). 

The wheel-force and rolling -•performance charac- 
teristics of the P-6l airplane have been measured in 
flight with both spoilers and ailerons in operation and 
with only spoilers in operation. The results are shown 
in figure 65 . The characteristics were considered 
satisfactory when both spoilers and ailerons were used. 
For the spoilers alone the wheel forces were very small, 
but the force variation with wheel deflection did not 
seem unsatisfactory for this airplane. Wind-tunnel 
tests indicate, however, that or spoilers that are 
thicker than those used on the P-6l airplane, undesirable 
control-force characteristics may result from a tendency 
for the spoilers to be pulled small distances out of 
the wing and from large forces required to hold large 
spoiler projections. The minimum thickness of a spoiler 
may be limited bv the rigidity required to prevent 
flexural vibrations. 

The rolling velocities obtainable with spoilers 
alone on the P-ol airplane generally v/ere only about 
one-third less than the rolling velocities obtainable 
with spoilers and guide ailerons. At small wheel 
deflections, however, the use of the guide ailerons 
resulted in greater improvements in the lateral-control 
characteristics, particularly at low speeds. 

The yawing characteristics of the P-.6l airplane with 
spoilers and guide ailerons are favorable at high speeds 
and at moderate speeds and are only slightly unfavorable 
at landing speeds. (See section entitled "Effects of 
Adverse Yaw , Part II.") 

The maximum speeds of airplanes may be reduced 
somewhat by the increased profile drag associated with 
the small spoiler projections required to maintain the 
wings level in flight. The use of a guide aileron 
appears to offer an advantage in this respect, especially 
when the movement of the guide aileron leads that of the 
spoiler at small control deflections. 
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The simultaneous operation of spoilers and con- 
ventional ailerons (located just behind the spoilers) 
has been considered as a possible means of decreasing 
the aileron hinge moments and of providing large rolling 
moments. Investigations have been made of several such 
arrangements, one of which is reported in reference 77* 
Although the yawing- and the rolling-moment charac- 
teristics seem promising, difficulties probably would be 
encountered in selecting a linkage that would provide 
desirable stick-force characteristics throughout the 
speed range. The relative aileron and spoiler motions 
required for desirable stick-force characteristics 
depend to a large extent on the spoiler hinge moments 
and on the variation of rolling moment with spoiler pro- 
jection. Both the hinge- and rolling -moment character- 
istics of sooilers nay be very nonlinear for some flight 
speeds. Wind- tunnel tests show that the hinge moments 
of ailerons located immediately behind spoilers may be 
strongly influenced by the variations in flow conditions 
that result from nonlinear spoiler effectiveness. 


Slot -Lip Ailerons 

A slot-lip aileron consists essentially of a small 
flap hinged near the front of a slot through a wing. 

In some arrangements (fig. 6?.(c) and. references 79 
and 02) the slot is fixed in the wing structure some 
distance forward of the high- lift device. Experience 
has indicated, however, that from considerations of time 
lag, profile drag, and wing structure, certain advantages 
are provided by an aileron formed from the lip just 
forward of a slotted flap (fig. 62(d) and references 65 
to 67 and. 69). The discussion in the following paragraph 
concerns this type of slot-lip aileron. 

A slot-lip aileron in the neutral position lies 
close to the lift flap when retracted. Only small 
positive aileron deflections therefore may be used, and 
the operation of the aileron for this flap condition 
necessitates the use of a complicated linkage arrange- 
ment or of a cam. Because of this difficulty and because 
slot-lip ailerons are less effective with flaps retracted 
than with flaps deflected, a lateral-control system 
including a conventional f lap-trai ling-edge aileron for 
use with flaps retracted and a slot-lip aileron for use 
with flaps deflected is considered superior to a system 
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that consists only of a slot-lip aileron. Flight tests 
(reference 69 ) indicate that with the combined system 
good lateral control can be obtained with an airplane 
having full-span lift flaps. 


Plug-Type Spoiler Ailerons 

Some of the disadvantages of the retractable-arc 
spoiler are overcome with the plug-type spoiler aileron 
(fig. 62 (e) and references 79 a nd ^3 to 05 ). This 
device is designed in such a manner that a slot through 
the wing is opened as the plug is projected into the air 
stream. Data from wind-tunnel tests (fig. 06) have 
indicated that plug-type spoiler ailerons when used with 
slotted flaps are very promising, but these ailerons when 
used with split flaps may be unsatisfactory because of 
low effectiveness for small projections. 

The tests reported in references 79 and op indicate 
that hinge -moment characteristics of the type that result 
in satisfactory stick feel can be obtained. For some 
airplanes, however, the plug may have to be quite narrow 
or some alternative means may have to be provided in 
order to avoid excessive stick forces. 

In order to simplify the linkage arrangement the 
plug-type spoiler aileron is designed to allow projec- 
tions either above or below the neutral oosition. 
Projections below the neutral position can be expected 
to contribute little or no effectiveness. 

The spoiler and lift-flap arrangement of the 
P -61 airplane (fig. 61;.), when tested with spoiler 
slot and flap slot open, included the essential features 
intended for the plug-type spoiler aileron with slotted 
flap. Flight tests indicated that the effectiveness 
characteristics of this arrangement are very good, but 
during the tests a severe chordwise vibration of the 
spoiler plate occurred. Sealing the spoiler slot 
eliminated the vibration out reduced the effectiveness 
of the spoiler, particularly for small spoiler projections 
when the lift flap was deflected. Satisfactory effec- 
tiveness characteristics for small spoiler projections 
were obtained by sealing the flap slot. The performance 
of the p- 6 l airplane is considered satisfactory with this 
configuration, even though the efficiencies of both the 
spoiler and the flap were reduced by sealing the slots. 
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Effects of Mach Number 

Results of wind-tunnel tests (references 77 and 86 ) 
indicate that the rolling -moment ^ coefficient , resulting 
from a given projection of a spoiler located at J.(yc, 
increases rapidly as the Mach number is increased to 
about 0.72, which is approximately the Mach numoer at 
which shock’ would be expected to occur on the wing. An 
abrupt reduction in rolling-moment coeff: icient is : ixnd - 
cated as the Mach number is increased from O .72 to u.(5 
the maximum test Mach number. The effectiveness of a 
conventional flap-type aileron oh the sane model also 
decreased, though less abruptly, over the same Mach 
number range. From considerations of effectiveness, 
therefore, when shock occurs on a wing, a. spoiler loca ,ea 
near the wing trailing edge does not seem. to offer an 
advantage over a conventional flap-type aileron. 

Unpublished high-speed wind-tunnel tests indicate 
that spoiler effectiveness at supercritical Mach numbers 
probably can be improved by locating the spoiler forward 
of the 0.75c location. The forward location may also_ 
be advantageous from considerations of wing twist as is 
indicated in figure 65 . As discussed previously, the 
lateral control obtainable from a spoiler located far 
forward may be unsatisfactory at low speeds because 
of la * 7 ' : n "’esoonse and ineffectiveness for small spoiler 
projections. Spoiler control at high Mach numbers may be 
satisfactory in these respects, although a forward 
sootier may possibly* cause oui f e trn^ • 

V-BOOSTER MECHANISMS 


The control-force reduction provided by any of the 
conventional aerodynamic balances that already nave 
been described depends on the aileron aeflection ana on 
the dynamic pressure of the air stream but not on the 
force supplied by the pilot. A device that supplies a 
control-force reduction that is proportional to t^e or^e 
supplied by the pilot, regardless of the aileron deflec- 
tion or of the dynamic pressure, commonly is referred uo 
as a "booster mechanism , 11 

The use of conventional aerodynamic balances on. 
large or high-speed, airplanes is limited by uhe sensi- 
tivity of the control forces to small changes in the 
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hinge-moment parameters. Experience has indicated that 

changes in the values of Cv, and Ov. of aoproxi- 

a X1 6 

mately ±0.0010 may occur because of slight variations 
in the construction of different ailerons for the same 
airplane. Changes caused by Mach number effects and by 
surface-covering distortion may be considerably greater. 
Such changes cause large variations in the control-force 
characteristics of some present-day airplanes. For 
future high-speed airplanes the problem of providing 
close aerodynamic balance will be more difficult. In 
many cases, therefore, the use of a booster mechanism 
in conjunction with ailerons that are not closely 
balanced probably will be desirable. The optimum 
degree of aerodynamic balance has not been definitely 
established, but the condition expressed by the relation 


C h, 


1 + 


2 (Aa) p ° h a 


A6„ 


'h. 


= - 0.0020 


($ 6 ) 


probably is satisfactory for ailerons on most combat 
airplanes. The use of a booster mechanism on some low- 
speed airplanes may be desirable because the control 
forces then can be predicted quite accurately and 
therefore the required development work is reduced. 

Booster mechanisms may be classified as aero- 
dynamic or mechanical. Aerodynamic boosters utilize 
power from the air stream to deflect the aileron, 
whereas mechanical boosters utilize a hydraulic or an 
electric power supply contained within the airplane . 


AERODYNAMIC BOOSTERS 


In the most common type of aerodynamic booster, a 
tab is used to deflect the aileron. Such devices have 
been called servotabs, Flettner tabs, flying tabs, 
booster tabs, or spring tabs in previous papers. In 
the present paper a servotab is defined as the arrange- 
ment shown in figure 67(a) and an ordinary spring tap is 
defined as the arrangement shown in figure 67(b). A 
servotab is equivalent to a spring tab with the spring 
omitted. A modified arrangement that is herein called 
a geared spring tab is shown in figure 67(c)* This 
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device differs from an ordinary spring tab in that when 
the aileron is moved with the stick free at zero airspeed, 
the tab deflects with respect to the aileron in the same 
manner as a conventional balancing (or unbalancing) tab. 


Equations for Control Force 

Equations for, calculating the control-force charac- 
teristics of control surfaces with spring tab3 have been 
derived by Gates of Great Britain. The characteristics 
of the ordinary spring tab (fig. 67 (h)) are completely, 
defined when the constants k^, and are 

specified. These- constants are defined by the following 
formulas in which 5 a and F are the deflection and 

the control force of an aileron, respectively, and 5 S ^ 
is the spring-tab deflection: 


= *l 6 a 


+ k 2 5 st 


( 57 ) 



°st 


( 58 ) 


For the ordinary spring tab (fig. 67 (b)) the 
relation between the control force, the aileron hinge 
moment, and tab hinge moment when the system is in 
equilibrium is given by the formula 



H s t + 6strk 2 k7, 

rkp 


( 39 ) 


Within the range of linear hinge -moment characteristics , 
II a and Hj. can be expressed in terms of the aileron 

and tab hinge-moment parameters, and by means of equa- 
tions ( 57 ) to ( 39 ) the following general equation can 
be derived for the stick force resulting from the 
deflection of one aileron: 
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In equation (1^0) values of (Aa) p /t^ for an 7 specific 
wing-aileron arrangement can be obtained, from figure p, 


and the tab-floating parameters 


da 


and 


tf 



which represent the variations of aileron hinge-moment 
coefficient against angle of attack and against aileron 
deflection with tab free, are defined by the expressions 






e n.» S 3 t V U3t /a,5„ 


6 a’ 6 st 




Equation (jj. 0) is directly applicable to an aileron 
with a "spring tab. For an aileron with a 3ervotab the 
constant’ k^~ is zero. Both the constants k 2 and k^ 

are zero for an aileron without a tab. 


Characteristics of Spring-Tab Ailerons 

When applied to aileron control the spring tab pro 
vides the advantage of reducing the control force at 
high speeds to low values without making the control 
force unduly light at low speeds. The characteristic 
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variation of control force with indicated airspeed for 
spring-tab ailerons is shown in figure 68 . The control- 
force variation with indicated airspeed is much less 
than that given by the " speed- squared 1 ' 1 law. Various 
other types of control-force variation with indicated 
airspeed for a given aileron deflection may be obtained 
by aerodynamic ally balancing or overbalancing the tab. 
Some of these possibilities are illustrated in figure 69 . 

As a result of the smaller increase in control 
force with airspeed, the rolling velocity obtainable with 
a given control force may continue to increase with 
increasing airspeed for spring-tab ailerons, whereas 
for conventional aerodynamic ally balanced ailerons, the 
rolling velocity varies approximately inversely as the 
airspeed within the range for which the aileron deflec- 
tion is limited by the control force. 

The measured rolling-performance characteristics of 
an F 0 F -3 airplane equipped with the original production 
ailerons and with spring- tab ailerons are compared in 
figure 70* At an indicated airspeed of 1;.00 miles per 
hour the value of pb/2V obtainable with a stick force 
of 30 pounds was about percent higher with the spring- 
tab ailerons than with the original production ailerons. 
At indicated airspeeds less than about 280 miles per 
hour, the spring- tab ailerons were less effective than 
the original ailerons because the amount of stick travel 
that was effective in deflecting the ailerons was reduced 
by the amount of stick travel required to deflect the 
spring tabs. A large part of the loss in aileron 
effectiveness that w as encountered at low speeds with 
these ailerons probably could have been avoided by 
changing the gearing of the ailerons to increase the 
value of <35 a /Be with tab locked. 

The principal design difficulties introduced by the 
spring tab involve the provision of adequate structural 
strength to withstand the increased rolling velocities 
obtainable at high speeds and the problem of avoiding 
flutter. Although the use of spring tabs may allow 
large aileron deflections at high speeds, any danger of 
aileron overbalance because of compressibility effects 
or surface-covering distortion can be reduced because 
the ailerons do not have to be closely balanced. 
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Theoretical calculations of spring- tab flutter 
have shown that the aileron and the tab should be mass 
balanced about their binge lines and that the tab 
balance weight should be close to the tab hinge line. 

The required mass -balance weight therefore may be 
rather large. Experimental evidence relating to the 
mass-balance weight required to prevent flutter is 
lacking; however, several production airplanes suc- 
cessfully use spring-tab ailerons with no mass balance 
oil the tab. Any tendency toward flutter may be aggravated 
by slack in the linkage system of either the aileron or 
the tab. 

Some spring- tab ailerons may have a tendency to 
float up symmetrically, especially in accelerated 
maneuvers at high speeds. This tendency is discussed 
in reference 87 and, as shown by Morgan, Bethwai te , and 
Nivison of Great Britain, it can be reduced by increasing 
the negative value of kg/lqp . This upfloating tendency 

generally is not serious when the value of k n /lc 0 is 
more negative than - 3 * 0 . 

Special Spring-Tab Designs 

Use of preload.- If the spring in a spring tab is 
pre loaded and any "Tab movement is thus prevented until 
a certain control force is exceeded, the control-force 
characteristics for forces below the preload are the 
same as those for an aileron without a tab; also, at 
forces above the preload the variation of force with 
deflection is the same as that for a spring-tab aileron 
without preload. At those speeds for which the tab may 
become operative, the variation of control force with 
aileron deflection therefore is nonlinear. The use of 
preload may be desirable in order to obtain increased 
effectiveness from the ailerons in low-speed flight. 

If a small amount of friction is present in the tab 
system, an amount of preload equal to the friction may 
be desirable to center the tab and therefore to avoid 
erratic changes in the lateral trim. 

Ge ared spri ng tab .- 3y means of the geared spring- 
tab arrangement (flgp 67 (c)), the control force required 
to deflect an aileron at low speeds may be reduced if 
the tab deflection has a balancing action or increased 
if the tab deflection has an unbalancing action. At 
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needs the control- force characteristics are 
approximately the same for a geared spring tab and for 


an 


ordinary spring tab. An advantage of a. spring tab geared 
to load, or unbalance, the aileron is that at lov; air- 
speeds tills arrangement may give greater aileron effec- 
tiveness per degree aileron deflection than an aileron 
without a tab. A discussion of the use of geared spring 
tab 3 for elevator control is given in reference 88, and 
with slight modifications the theoretical results derived 
in that report may be applied to aileron control. 


Detached tab.- A detached tab, consisting of a tab 
mounted~~on" 'bo oras that extend hack from the trailing edge 
of the aileron, may have certain advantages over the 
more common inset tab. Because of the greater moment 
arm of the detached tab, a smaller tab area may be used. 
The adverse effect of the tab on the aileron effec- 
tiveness therefore is reduced. Preliminary calculations 
indicate that the detached tab may not have to be mass 
balanced in order to prevent tab-aileron flutter, although 
the aileron may require additional balancing weights in 
order to provide mass balance about the aileron hinge 
line. Detached tabs in the wing wake may, however, have 
a greater tendency to buffet than inset tabs. Wind- 
tunnel tests of a detached tab, as well as of conven- 
tional spring tabs, are reported in reference 8b. 


Other Aerodynamic Boosters 

Very little work has been done on aerodynamic 
boosters that do not use tabs to deflect the ailerons. 

Some experimental work, however, has been done on a 
variable-pitch windmill that is used to drive the ailerons. 
This device was first tried on a British bomber in 1919 * 
Wind-tunnel tests of a similar device, called the 
whir le roii, were made recently in the Langley Laboratory 
of the NACA. The operation of till s device is similar 
to the operation of a servotab except that the pilot’s 
effort is used to change the pitch of the blades of a 
small windmill rather chan to deflect a tab. A 
rhirleron lias an advantage over a tab in that the 
operation of a whirleron does not cause a decrease in 
aileron effectiveness, A very small windmill is 
required 5 for example, a windmill that is 9 inches 
in diameter should be adequate to deflect an aileron on 
an aim lane of the medium-bomber class. Unpublished 
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results of wind-tunnel tests chow that the whirleron 
is a promising means of control, but care is required 
in design to avoid undesirable control forces resulting 
from friction and from inertia effects on the windmill 
blades . 

Another type of aerodynamic booster that has been 
proposed consists of a piston linked to the aileron and 
operated by the dynamic pressure of the air stream. 
Disadvantages of this device result from the difficulty 
of providing space for the piston size required and from 
the difficulty of avoiding high frictional forces. 


MECHANICAL BOOS TEDS 


Several hydraulic and electrical booster systems 
have been tested, but only a few hydraulic boosters 
have proved at all successful for use on the primary flight 
controls. No attempt is made to describe herein the many 
hydraulic and electrical mechanisms that have been tried, 
but some general considerations as to tire requirements 
of such systems are discussed. In order for the aileron- 
control characteristics obtained with a booster to be 
similar to those with the conventional control, the 
aileron position should be proportional to the stick 
position and the force exerted by the pilot should be 
multiplied by a constant. The maximum rate of movement 
of the aileron should equal or exceed the rate that can 
be applied by the pilot when conventional aerodynamic ally 
balanced ailerons are used. This requirement implies 
that a large amount of instantaneous power should be 
available to move the aileron for a short period of 
time. Tliis requirement has in the past restricted the 
use of electrical boosters because of the heavy weight 
of the electrical equipment required to provide sufficient 
power. With a hydraulic mechanism energy may be stored 
in an accumulator to supply large amounts of power for 
rapid aileron movements, and the hydraulic pump need be 
only sufficiently large to supply the average power 
required by the booster over a long period of time. 

The desired control feel has been supplied in some 
hydraulic booster mechanisms by a small piston connected 
to the control stick, which transmits a part of the 
force applied to the aileron back to the pilot. In 
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another system a direct mechanical linkage is used 
between the control stick and the control surface. The 
main disadvantages of hydraulic systems that have been 
used in the past are complication, vulnerability, and 
lack of reliability. 

In spite of the generally poor results that have 
been obtained in the past with mechanical boosters, 
those devices probably v.dll continue to be of interest, 
especially for airplanes intended to fly at high Mach 
numbers. For these cases, aerodynamic boosters may be 
unsatisfactory and somo more positive means of operating 
the controls may be desirable. The use of a mechanical 
booster mechanism in connection with an irreversible 
aileron linkage seems to be a logical method for elimi- 
nating the possibility of aileron shake when shock 
occurs on a wing. Aileron mass balance probably is not 
necessary in an irreversible system. 


VI - STRUCTURAL ASPECTS 


A brief summary of the structural considerations 
related to lateral control seems desirable, even though 
somo of these considerations already have been pointed 
out in various sections of the present paper. 


INTEGRITY OF AIRPLANE 


The problem of providing the strength necessary to 
prevent structural failure of any of the airplane com- 
ponents that are subjected to increased stress during a 
rolling maneuver becomes increasingly difficult as air- 
planes are designed for higher speeds. Variations in 
Mach number may cause large changes in the magnitude and 
in the distribution of the aerodynamic load on wings and 
on ailerons. The investigation reported in reference Yk 
shovfs that the aerodynamic load on a Frise aileron 
increases more rapidly with Mach number when the aileron 
is deflected negatively than when the aileron is deflected 
positively. The large sudden changes in the aileron load 
that usually take place when shock occurs on the wing 
may result in severe aileron shake, which imposes high 
dynamic loads on the wing, the aileron, the support 
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fittings, and the control linkage,, The provision of a 
rigid control linkage is an aid to the pilot* s ability 
to control any tendency toward shake. 

A recent unpublished analysis indicates that the , 
loads on the primary wing structure are likely to be 
higher during a rolling pull-out than during a simple 
pull-out and that the critical loading condition 
probably occurs in a maneuver that combines high rolling 
velocity and high rolling acceleration with the maximum 
normal acceleration. 

Large positive internal aileron pressures have 
resulted in complete failure of fabric-covered ailerons 
and in failure of the rivets used to attach metal skin 
to aileron ribs. Loads of this type can be controlled 
to some extent by careful selection of the vent loca- 
tions, but the possibility of high skin stresses resulting 
from inadvertent variations in the vent locations should 
not be overlooked. 

The aileron hinge-moment characteristics must be 
considered in the structural design of the various 
conroonents of the aileron linkage system. Ailerons 
having hinge -moment characteristics that are unsymmetrical 
with respect to zero aileron deflection may impose large 
loads in the linkage, system even though the complete 
aileron system is closely balanced. For the same control 
forces, therefore, the loads in the linkage system may 
be much greater for Prise ailerons than for conventional 
arrangements of beveled ailerons or of ailerons having 
plain-overhang balances, internal balances, or tab 
balances . 

A tendency toward severe chordwise flexural vibra- 
tion of retractable-arc. spoilers has occurred in some 
installations. Retractable-arc spoilers must be made 
sufficiently rigid to prevent vibration. 

Vertical-tail failures have occurred as a result 
of sideslip caused by adverse aileron yawing moments in 
rolling pull-outs. Increased size of the vertical tail 
reduces the sideslip angle which, in turn, reduces the 
vertical-tail load., (See reference 8. ) 
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ROLLING PERFORMANCE 


For most conventional airplane designs, any flexi- 
bility of the wing or of the lateral- control system 
results in a loss in rolling performance, and the loss 
increases almost linearly with the dynamic pressure. 

Loss in rolling performance for given aileron deflec- 
tions results from structural deformation of the wing 
and aileron. Loss in rolling performance because of 
decreased aileron deflections results from cable stretch 
or deformation of push-pull rods, bell cranks, pulleys, 
and pulley brackets . 

Most present-day airplanes are required to meet a 
given standard of rolling performance. The required 
rigidity of the various structural components involved 
should therefore be specified from considerations of 
the required performance. The required torsional 
rigidity of the wing can be estimated conveniently by 
the use of methods discussed previously in the present 
p^per . 


CONTROL FORCES 


In the process of estimating airplane control forces, 
a definite aileron contour and definite aileron deflec- 
tions must be assumed. Contour deformations may cause 
large variations in control forces and, consequently, 
such deformations should be maintained at a minimum even 
though little possibility for. structural failure exists. 
Variations in the relative deflections of the right and 
left ailerons, because of stretch in the control system, 
may result in undesirable control-force characteristics, 
particularly when a differential linkage system is used. 


VII - APPLICATION OF EQUATIONS 
AND DESIGN CHARTS 
ILLUSTRATIVE EXAMPLE 

The procedure to be followed in the preliminary 
design of ailerons for specific airplanes depends to a 
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large extent on other aspects of the airplane design. 

In the present example an investigation is made of the 
various spanwise and chordwise parts of the wing that 
mutt be allocated to the aileron plus balance in order 
that specified rates of roll with specified stick forces 
may be obtained. The aileron conf iguration chosen in 
this design consists of a sealed internally balanced 
aileron with a combination of a spring tab and a linked 
tab. Equations and charts, which already have been 
presented i.n the present paper, are used in arriving at 
the various combinations of aileron and tab dimensions 
that would be expected to meet certain required condi- 
tions. The method used may be applied to ailerons having 
either exposed-overhang balances or beveled trailing-edge 
balances rather than the sealed internal balances that 
are considered herein. 

The assumed airplane has the geometric constants 
and the wing plan form indicated in figure 1+5 . The 
assumed performance requirements are that a value 
of pb/2V of O.09 be obtained -with a stick force of 
50 pounds for an airspeed of 520 mile3 per hour at sea 
level, and that the wing torsional stiffness should be 
such that the loss in pb/2V resulting from wing twist 
does not exceed 20 percent at an airspeed of ipOO miles 
per hour at sea level. Although these requirements 
concern only the high-speed flight condition, aileron 
characteristics at low airspeeds as well a3 at high 
airspeeds should be investigated in practice. 

The chord ratios selected for the linked tab and 
the s pring tab of each of the possible ailerons are 


= 0.25 


C C!t 

— = 0.25 


These chord ratios were selected because they may be 
expected to produce approximately the maximum changes 
in aileron hinge moment for given changes in aileron 
effectiveness. 
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For an aileron with a spring tab, an aileron 
deflection e;cists above which the loss in aileron effec- 
tiveness resulting from increased spring-tab deflection 
is greater than the gain in aileron effectiveness 
resulting from increased aileron deflection. No advantage 
is obtained, therefore, in exceeding this deflection. 

For large airplanes or high-speed airplanes the value 
of this deflection corresponds approximately to the 
limits of the range of linear hinge-moment characteristics; 
for internally balanced ailerons the limits of this range 
are usually about *12° or -15°. The maximum tab deflec- 
tions should not greatly exceed the limits of the range 
of linear tab effectiveness. For the present example 
the following maximum deflections of the aileron and of 
the tabs, as used for each of the ailerons investigated, 
are assumed: 


6 a = ±12° 
a max 


&it = * 15 ° 

6 nr ax 


>st = ~ 1 5° 

b nrax 


Computations have been made of the 
stants required f or_eacli_of a number_of 

c b + c a c a 

various values of and of — 

c c 

procedure is illustrated in detail only 


geometric con- 
ailerons when 

are assumed. The 
for the case of 


c b + °a 
c 


O.JxO 


and 

o’ 

= 0.25 

c 

The balance chord ratio therefore is 


c 


a 


o .6o 
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The procedure used is as follows : 

Step (1): 

Compute the aileron effectiveness parameter — . 

/ A a'N ^ ® 

Values of f — - the effectiveness parameter at low 

Wo 

Mach numbers and at trailing-edge angles of about 10° - 
are given in figure l8. The effect of variations in 
trailing-edge angle is given in figure 19 . A rough 
estimate of the effect of Mach number can be made by 
means of the data of figure 55* Prom this data a value 


trailing-edge angle of the proposed aileron is obtained 
by interpolating between the curves for the true-contour 
plain aileron and the beveled aileron at the Mach number 
of the design condition, a conservative value of the 
Aa 

parameter — probably is yielded by this procedure 
A6 

because the data of figure 55 ar © given for small open 

Aa 

nose gaps. The reduction in ~ with increased Mach 

ZA 0 

number usually is greater when the nose gap is open than 
when the -nose gap is sealed. For the present design 

condition, 0 = 15 ° (from fig. 12 and equation ( 1 8 )), 

M = O.I 4 . 2 , and therefore 


Step (2): 

Estimate the aileron hinge-moment parameters. The 
hinge-moment parameters of a balanced aileron may be 
expressed by equations (l6) and ( 17 ), in which the 
incremental parameters attributable to the balance are 
given by equations (21) and (22) for a trailing-edge 
modification, by equations ( 23 ) and (2i|.) for an exposed 
overhang balance, by equations ( 27 ) and ( 28 ) for a sealed 


of the factor 



corresponding to the 


Aa 

A6 


0.53 x 0.98 x 0.90 
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Internal "balance, and by equation ( 55 ) for a linked tab. 
The value of Cv^ for the plain aileron is given by 

equation ( 15 ) in which (Cu ^ may be obtained from 

equation (11). Equations for the hinge-moment parameters 
of an aileron with a completely sealed internal balance 
and with a linked tab therefore may be written as fellows: 


'h, 


a 


5 (O 


plain 

aileron 


( 1G *a) 


+ 0,11 — 


LS 



' h e 


( Ch «L 


plain 

aileron 


+ 0.09 — “ — \/r=r Pq + 
A + 2 \ c 1 


e%) 


it 


(i;2) 


where the increment 


K); 


is the increment of C 


h6 

mu 3 1 


attributable to the linked tab and (C]~\ 

' plain 

aileron 

be estimated from test data. The ratio jo\ can be 

A c./ a 

assumed to equal ~ , 

A + 2.5 

For the assumed airplane 


°L, 


a 


“la 6 + 2 -5 
= 0.706 


Cv» — -0*0057 


(from fig. 15 ) 
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( AC h a ) = O.OOlli x l.oi 


O.OOIJ4. (from fig. 11; the Inboard 
aileron tip assumed to be located 
y x 

at — — = O.55 • Relatively large 
b/2 j ± 

variations in — — have only small 


effects on 


/ b A \ 

(“Mis-; 


O 


A + 2 6+2 

= 0.75 


T\2 

a. 


= (O.25) 2 
= 0.0625 


» / — = V&725 
V C 

’=* 0.5 

F 2 = 0.533 


^from fig. 25 at - O.15) 


The value of for the plain aileron must be 

estimated from test data for a finite-span wing model 
having approximately the same geometric characteristics 
as the wing of the proposed airplane. A suitable model 
is that having the flat- sided aileron for which data are 
presented in figure D 35 of reference 1+2 . The value of 
Ch 6 for that model is about -0,00i|ij., the trailing-edge 

angle is 17«5°* and the seal and hinge line are located 
in such a manner that the aileron has a small effective 
overhang ( Fi = O.0I15). The value of Cu should be 

* IJ -Q 

corrected to a trailing-edge angle of 15° and to = 

by means of equations (22 ) and (28). For the proposed 
airplane, therefore 


0 
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K) 


plain 

aileron 


-O.OOlilj. - 0.0007 - 0.001I4. 


-O.OO65 


Equations (Ip.) and (> 4 . 2 ) now may be written as 

Ch a = 0.706 (-0.0057) + O.OOlli. 

+ (0.1k x 0.75 x 0.0625 x 0.33S) 
= 0.0010 

C, = -O.OO65 + ( 0.09 x 0.75 x 0.5 x 0 . 338 ) + 


Step (3): 

Estimate the balance requirements of the linked 
tab and of the spring tab. The value of 2(Aa) r) /A6 a in 

equation ( 36 ) may be assumed to equal - 0 . 2 ; therefore 


AC, \ “ -0.0020 + (0.2 x 0.0010) - 0.001+9 


6 





The expressions obtained in step (2) for (3^ and 

for Cv, now may be substituted in equation (I 4 . 3 ) as 
X1 6 

follows : 


-O.OO67 
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The linked tab therefore is unbalancing. The linkage 
ratio, as determined from the maximum deflections of the 
aileron and of the linked tab, is 

66 lt _ 15 

6a a " 12 


= 1 


.25 


For the purpose of estimating the required span ratio 
of the spring tab, the assumption is made in this 
example that the spring tab must be capable of pro- 
viding aileron hinge moments that are approximately 
equal in magnitude, to the hinge moments of the internally 
balanced aileron with linked tab; that is, 



= 0.0C20 


The choice of this increment should cause the size of 
the spring tab to be somewhat conservative. 

Step (Ip): 


Estimate the required span ratios 
tab and of the linked tab. For either 
the factors Fi,. F- , and 


of the spring 
tab 


tions (3D, 


V 

(32), 


p_ 

V 

and 


Fg - obtained 
(33)* respectively - 


values of 
n rom equa- 


a.r* 


= O.pO 

f ^ = 0.90 

F,S = 0.71 


Values of the ratio c Wc n in the expression for the 

factor F^ (equation ( 30 )) can be estimated by means of 

equation ( 3 )+) provided the inboard ends of the tabs are 
at the inboard end of the aileron# For the present 
example the assumption is made that the inboard end of 
the spring tab is at the inboard end of the aileron and 
the linked tab is just outboard of the spring tab. In 
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order to determine the required span of the linked tab 
the combined span of the spring tab and the linked tab 
must first be determined. The required values of P 7 

are, from equation ( 35 )> 0.23 for the spring tab and O.99 
for a fictitious tab having the combined span of the 
spring tab and the linked tab. Prom equation ( 3 lf) and 
the expires 3ion for P^ the required span ratios are 


Step (5): 

Compute the helix-angle reduction factors resulting 
from tab deflection. Por either the linked tab or the 
spring tab 


= 0.395 (from fig. l8) 
Therefore, from equation (29), 

k lt = -0.78 x c. 395 x 1.25 
= -0.381). 


b st 

— = O.17 

*>a 



and therefore 


a 




0 . 081 ). 
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and the total reduction factor is 

k^ = -0„38]4. + 0 . 08 ip 

= -0.300 

Step ( 6 ) : 

Compxite the helix-angle reduction factor resulting 
from v/ing twist. According to the assumed requirements, 
the torsional stiffness of the wing should he such that 
the loss in ph/2V caused by wing twist should not 
exceed 20 percent for an airspeed of IlOO miles per hour 
at sea level. For the design condition of an airspeed 
of 320 miles per hour at sea l evel . substitution in 
equation (9) of values of q/\/L - from figure 6 gives 



0.2 x 


220 

14.80 


= ' 0 c 12 


Step ( 7 ) : 

Estimate the helix-angle reduction factors resulting 
from adverse yaw. At an airspeed of 100 miles per hour 
at sea level, the value of the sum k r + kp is estimated 

to he approximately 0.2. For level flight, the lift 
coefficient varies inversely as the square of the speed, 
and therefore, for an airspeed of 320 miles per ‘hour at 
sea level, equation (10) gives 


^ + k (3 = 


0.2 


IPO 2 

320 2 


= 0.02 


Step (3): 

t 

Compute the required aileron span ratio. The 
various helix-angle reduction factors that have been 
evaluated in the preceding steps now may be substituted 
in equation (3)- Fen a value of pb/2V of 0.09 
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0.09 

C.i+7 x 2ij. x (1 - C .12 - 0.02 + 0.30) 


= O.OOGti 


For an outboard aileron tip location of O. 97 -, the 
inboard aileron tip location, as determined from fig- 
ure 2, is 0.62^. The aileron span ratio therefore is 


a 


b/2 


O.97 - 0.62 


= 0.35 


Step ( 9 ): 


Compute the required wing torsional stiffness. For 

/ dcA 

the present case, the quantity t* ( — — J 

VaA 


m equa- 




tion (o) must be evaluated for the aileron, the linked 
tab, and the spring tab. Values of t* and 
'dc v ' 

may be obtained from figures 5 and 20, respectively. 



Therefore 



= O.II 4 . x 0.018 


aileron 


0.00206 



= 0.118 x 0.026 


linked 

tab 


= 0.00507 
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/ 6c 



\ 6a 



spring 

tab 


= O.lllj. x 0.026 


= 0.00297 


and the required wing torsional stiffness at station y 
is, from equation (6) 




■ (0.00206 + 0.00118 


0.00025) 290 


7900 



foot-pounds per degree 


The torsional stiffness frequently is specified at the 
aileron midspan. For the present example the aileron 


midspan is at 
stiffness at 



that location 


and 

is 


the required torsional 


Dig 


7900 

0.?9 5 


= 16,000 foot-pounds per degree 


Step (10): 

Calculate the spring stiffness and the mechanical 
linkage of the aileron-spring-tab system by means of 
equations (5?) and. (39)* In this process a value for the 
ratio kp/k2 must be selected. Expressions for the 

aileron hinge moment H a and for the tab hinge moment 
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H S £ mu3t be obtained in terms of the spring-tab deflec- 
tion 6 gt , For the present example 

e s = 14.0 0 

max 

5 = 12 ° 

mnax 

r = 2.55 feet 


p 3 = .2a 
s 2 


= -15 pounds 
' a = I.I4J4. feet 


b a = 7.5 feet 


c gt = 0.36 feet 


b gt = 1.3 feet 


q = 262 pounds per square foot 


and it is assumed that 


h 

k- 


= -3.0 


(1A) 


The aileron hinge moment is given by 

o-u \ 6G 


H a = 9Va 2 


^hsl 1 ' °- 2 ST 1 + 6 


h 


a 


st 


66 


st 
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in which 


6C 


h„ 


a max 


o6 st °st miUt 


( A °^) 


or 




tQ 


St 


— X 0.0020 

15 


Therefore 


= - 0.0016 


E ft = 262 x 7.50 x l.ljli 2 [l2(-0.0020) + 6 st ( -0.0016 )J 


= -97.6 - 6.56 


st 


The spring-tab hinge moment is approximately 

6C h 

H st = r 3t 


sc 55 


st 


where the value of ~ is estimated by extrapolating 

^^s t 

the data of figure 1 5 to be approximately -0.0060. 
Therefore 


B s t = 262 X 1.50 x 0.56,2 X 8 st X (-0.0060) 


-0.2656 st 
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The expressions thus obtained, for H a and H-*., when 
substituted in equation (39) » give 


-15 


-III. 9 - 2.798 st 


K 1 


and 


-15 = - 


0.1ll|.6 st 


+ 6 st k 3 


Equation (57) rcay he written as 


(1+5) 

( 1 + 6 ) 


li.. 8 = I2k x + k 2 6 gt (1+7) 

A simultaneous solution of equations (li.k), (k5), (1+6), 
and (1+7) yields 

Oat = "9.8° 
ki = 0.97 
1<2 ~ - 0*323 

kj = l.l8 pounds per degree 


The required value of 6 0 ^ is smaller than the value 
(6 s t = -15°) that was assumed or5.gina.lly. Some margin 

in spring-tab def?,.ection should be provided, however, 
to allow for deviations from the conditions assumed in 
the preliminary design. 


DISCUSSION 


Computations similar to those made in the section 
entitled "Illustrative Example, Part VII," have been 

C a + Cfc c a 

made for many assumed values of and “ 

c c 

of internally balanced ailerons. The results are presented 
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in figure 71 . The computations were made for the general 
case in which consideration is given to ailerons having 
spring tabs as well as either balancing or unbalancing 
linked tabs. For specific preliminary- design problems, 
the investigation may be limited to ailerons leaving 
spring tabs and balancing tab3, or to ailerons having 
only a spring tab, only a linked tab, or no tabs. Con- 
siderations regarding the wing structure and the required 
span of the lift flap usually impose limitations on the 
cbordwise and the spanwise parts of the wing that can 
be allocated to the ailerons. For the usual case, 
therefore, the number of aileron configurations that 
needs be investigated is much less than the number that 
was considered in order to obtain the data of figure 71 . 

The results presented in figure 71 indicate that 

c a + % 

for a given value of — — “, the required aileron span 

c 

is reduced when the hinge axis is moved toward the rear, 
that is, when the aileron chord c a is decreased and the 

balance chord c K is increased. The decrease in the 

required aileron span results from the fact that the 
favorable effect of the variation in the configuration 
of the linked tab more than compensates for the unfavorable 
effect of the decrease in aileron chord. For a given 
percentage loss in pb/2V resulting from wing twist, 
however, the required wing stiffness increases rapidly 
as the hinge axis is moved toward the rear. For an 
aileron not equipped with a linked tab, both the required 
aileron span and the required wing stiffness are reduced 
as the aileron chord c a is increased. 


VIII -STATUS OF LATERAL-COFTROL 

RESEARCH 


In the preparation of the present paper, an attempt 
has been made to discuss rather completely the problems 
associated with lateral control and to present the 
available information that is believed to be most useful 
in the aerodynamic design of lateral- control devices. 

The inadequacy of the available information for applica- 
tion to some of the airplanes new contemplated is fully 
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appreciated. This section is therefore included in the 
present paper in order to establish, the present status 
of some of the most important phases of lateral-control 
research and to indicate some cf the lateral-control 
problems that remain to be investigated. 

Rapid advances in airplane design have increased 
the importance of certain variables that previously have 
been largely neglected* These variables are associated 
primarily with high-speed effects and with the effects 
of the large changes in boundary-layer conditions that 
may possibly occur on wings designed for favorable 
pressure gradients ever a large part of the chord. 


CONVENTIONAL FLAP- T'fPE AILERONS 
Rolling Performance 


In general, the rolling performance cf an airplane 
at low Mach numbers and at given aileron deflections can 
be predicted with sufficient accuracy from the available 
analytical methods provided that a reasonably accurate 
estimate can be made of the wing torsional rigidity. 
Reliable estimates of the rolling performance at high 
Mach numbers can be made only when experimental data on 
the aileron effectiveness parameter Aa/i5 at the 
appropriate Mach numbers are available. Reductions 
in Aa/A6 that usually result from increased Mach 
number cannot be predicted from the present theory, and 
she available experimental data are insufficient for 
accurate quantitative estimates of the variation of 
Aq/A6 with Mach number for arbitrary wing-aileron 
arrangements. The available data Indicate, however, 
that as the Mach number is increased to that at which 
shock occurs on the wing, the smallest reduction in 
aileron effectiveness is obtained when the aileron nose 
gap is scaled and when the trai ling-edge angle is small. 
Large losses in aileron effectiveness may occur for any 
aileron when the Mach number at which shock occurs on the 
wing is exceeded. The addition of a protruding nose 
balance usually causes the Mach number at which shock 
occurs to be decreased. 
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Hinge Moments 

For airplanes not equipped with "booster devices the 
aileron hinge moments usually are of r.o less importance 
than the aiieron effectiveness. Even though booster 
devices are used, a reasonably accurate knowledge of the 
aileron hinge-moment characteristics is necessary for 
the design of an efficient lateral- control system. 

The available methods for predicting hinge- moment 
characteristics are not considered to be sufficiently 
reliable for direct application to the design of ailerons 
of a full-scale airplane. 

Analytical methods of predicting hinge moments 
involve the following two fundamental steps: 

(1) Determination of the section aileron hinge- 

moment characteristics 

(2) Application of corrections to account for the 

effects of finite aspect ratio 

Section hinge-moment characteristics calculated by 
methods based on potential-flow theory are very different 
from the measured characteristics for most airfoil sec- 
tions, even when laminar flow can be maintained over as 
much as 60 percent of the airfoil chord. Methods based 
on viscous- flow theory appear to give results that at 
low Mach numbers are close to the experimental results 
for ailerons having small trailing- edge angles. The 
viscous -flow theory takes into account the transition 
location and gives a reasonably accurate indication of 
the effects of changes in the transition location for 
airfoils having small trailing-edge angles. At the 
present time, however, the influence of the airfoil shape - 
particularly the trailing-edge angle - on the aileron 
hinge- moment characteristics is not adequately accounted 
for by the viscous-flovr theory. The necessity for 
deriving aspect- ratio corrections to the hinge-moment 
parameters by methods based on lifting- surface theory, 
rather than on lifting- line theory, is pointed out in 
reference 37. At the present time, lifting- surface- 
theory aspect-ratio corrections have been obtained for 
the parameter but not for the parameter C h g. 

Reasonably accurate estimates of the hinge-moment 
characteristics of balanced ailerons, at low Mach 
numbers and under conditions for which transition can be 
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expected to occur near the airfoil leading edge, can be 
made by means of the test data of reference [j.2 and the 
correlations presented herein. 

Tne available experimental data are insufficient 
to permit any reliable estimates to be made of the hinge- 
moment characteristics that may occur at high Mach 
numbers. Because the effects of Mach number appear to 
be critically dependent on certain geometric properties 
of wings and ailerons, a systematic investigation is 
needed to establish the relative effects of the various 
geometric parameters on the hinge -moment characteristics 
and to determine any configurations for which the Mach 
number effects are a minimum. 

Some knowledge of the bound ary -layer conditions on 
the wing of an airplane in flight is nocessary in order 
that any reliable prediction of aileron hinge-moment 
characteristics may be made either by means "of viscous- 
flow theory or by means of wind-tunnel data. F‘or 
present-day production airplanes, the assumption usually 
can be made that the existing boundary-layer conditions 
correspond to a transition location near the wing leading 
edge, whether or not the wing is designed for favorable 
pressure gradients over a large part of the chord. 
Information is needed, however, on the variations in 
the boundary-layer conditions that may possibly result 
from imorovements in manufacturing methods and" in air- 
foil design. 


In view of the largo vacations in hinge -moment 
characteristics that may result from manufacturing 
irregularities, surface-covering distortion, Mach number 
effects, or possible boundary- layer effects, the use 
of nonadj us table aerodynamic balances to provide 
acceptable control forces on large airplanes or on high- 
speed airplanes is not considered practical. Satisfactory 
characteristics sometimes can be obtained by adjusting 
the amount of leakage in an internal balance or "by 
changing the linkage of a balancing tab. The ' use of 
some type of booster mechanism probably will be necessary, 
however, for most future high-performance airplanes. 

Some aerodynamic balance is desirable, nevertheless, in 
order to minimize the required capacity of the booster 
mechanism and in order that some lateral control can be 
ootained in case of failure of the booster mechanism. 

The spring tab has proved to be a satisfactory booster 
mechanism for many present-day airplanes. When a spring 


MCA TN No. 1245 


105 


tab Is applied to very large airplanes, however, some 
aerodynamic balance on the tab may be necessary. 
Information is needed on the most efficient methods of 
providing aerodynamic balance on tabs. A mechanical 
booster mechanism, used in conjunction with irreversible 
aileron motion, seems most desirable for airplanes 
designed to fly at speeds at which shock occurs on the 
wing. 


SPOILER DEVICES 


A large amount of work has been done on the develop- 
ment of spoiler-type lateral-control devices for small 
low- speed airplanes. Very little information is available, 
however, on the characteristics of spoilers at high 
speeds. The high-speed data that are available indicate 
that the effectiveness of a spoiler located near the wing 
trailing edge, like the effectiveness of a conventional 
flap -type aileron, ma y be reduced considerably when 
shock occurs on the wing. Investigations should be 
made to determine whether improved spoiler effectiveness 
and satisfactory lag characteristics can be obtained at 
high speeds by locating the spoiler at some chordwise 
location other than that established on the basis of 
low-speed data. Information also is needed on spoiler 
hinge moments at high speeds, on means of preventing 
vibration or buffeting, and on tho effects of variations 
in airfoil contour on spoiler characteristics. 


LATERAL CONTROL PITH SWEPT MUGS 

The possibility of raising the critical speeds of 
wings by using large amounts of sweep is indicated by 
the results of a theoretical analysis presented in 
reference c j0 . The theory indicates that at lift coef- 
ficients near zero the critical Mach number of a wing 
with sweep is approximately equal to the critical Mach 
number of the same wing without sweep divided by the 
cosine of the angle of sweep. A few unpublished experi- 
ments have provided at least a qualitative verification 
of the theory. High angles of sweep are required if 
the value of the critical flight Mach number is to be 
raised appreciably above 1.0, 
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Although the use of large angles of sweep may pro- 
vide definite advantages at high speeds, certain important 
problems associated with low— speed lateral-control 
c harac oeri s ti cs are 3. ndicated by the results of tests 
reported ^in reference 91. Figure 72 shows that for a 
given deflection in a plane perpendicular to the aileron 
hinge line, the rolling-moment coefficient caused by a 
flap-type aileron decreases rapidly with increased angle 
of sweepback. The rolling-moment coefficient caused 
by a spoiler located at 0.7c and projected a given 
distance above a wing surface is affected by angle of 
sweepback even more than the rolling-moment coefficient 
caused by a flap-type aileron (fig. '72). 

The indicated effect of sweepback on the rolling- 
moment coefficients (fig. 72) is not a direct indication 
of the effect of sweepback on the helix angle pb/2V 
because the value of pb/2V depends on the value of 
the damping coefficient C7 as well as on the value of 

the rolling-moment coefficient. Results obtained from 
tests in the Langley free-flight tunnel and in the 
Langley stability tunnel show that the value of the 
damping coefficient Cj is reduced as the angle of 

sweepback is increased." 

A f umd ament al characteristic of swept-back wings is 
that for a given angle of sweepback the effective 
dihedral, indicated by the value of the parameter C^,, , 

increases rapidly as the lift coefficient is increased. 

The test data of figure 73 indicate that for a wing 
having an angle of sweepback of ij.5^ & rolling— moment 
coefficient of approximately 0.0k must be provided by a 
lateral-control device in order to maintain lateral 
trim at an angle of sideslip of 10° when the wing lift 
coefficient is 0.6. For the flap-type ailerons con- 
sidered in figure 7 2 a total aileron deflection of 
about k0° must be used in order to sixpply the required 
value of the rolling -moment coefficient. The design of 
a device capable of providing lateral trim and some 
lateral maneuverability at high angles of sideslip 
therefore may be very difficult. 

The tests that have been made of wrings having large 
amounts of sweep have been conducted primarily for the 
purpose of exnloring the nature of the problems involved. 
Few, if any, attempts have been made to develop lateral- 
control devices specifically for swept wings. Because 
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the problems associated with lateral control, particularly 
at high lift coefficients, seem to he of a rather serious 
nature , a large amount of development work is required. 
Satisfactory solutions of these problems may require that 
lateral control with swept wings he obtained by devices 
that are considerably different in principal from either 
the conventional flap-type ailerons or the spoiler devices 
that are being used on present-day airplanes. 


Langley 'Memorial Aeronautical Laboratory 

National Advisory Committee for Aeronautics 
Langley Field, Va., February lip , 19 I 4.6 
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APPENDIX 


DEFINITIONS OF SYMBOLS 


Definitions are given herein of most of the symbols 
used in the present paper. Symbols having a very restricted 
usage in the present paper are defined as they are 
introduced . Although some experimental data on control 
surfaces other than ailerons are used for illustrative 
purposes and for the development of correlations, aileron 
symbols are employed in referring to experimental data 
regardless of the type of control surface involved. The 
various spans and the various chords that are referred to 
- n the following list of symbols are measured perpendicular 
and parallel, respectively, to the plane of symmetry of 
the airplane. The various deflections are measured" in 
planes perpendicular to the hinge lines. 





airfoil section lift coefficient 

additional lift coefficient at a section caused 
by an angle- of- attack change over wing 

airfoil section normal-force coefficient 

airfoil section pitching -moment coefficient 

aileron section hinge -moment coefficient 

wing lift coefficient 

rolling -moment coefficient 

yawing -moment coefficient 


hinge-moment coefficient of aileron 




sooiler hinge -moment 


coefficient 



tab hinge -moment coefficient 


Ht 


X- 2; 


^ b t c t 
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Cj damping coefficient, that is, rate of change 

P of rolling -moment coefficient C 7 with 

wing-tip helix angle pb/2V 

? pressure coefficient 


P 


R 


m 


s 


pb/2V 

P 

b 

V 

V,. 

2 - 

P 

H 

a 

H t 

h 3 

q 

p 

a 


b 


a 


b 


b 


b 

s 



resultant pressure coefficient 
^Lower ~ ^Tipper 1 

seal moment ratio for internally balanced 
aileron; ratio of balancing moment of 
flexible seal to balancing moment of thin- 
plate overhang 

helix angle of roll, radians 

angular velocity in roll, radians/ssc 

span of wing, ft 

true airspeed, ft/sec unless otherwise noted 
indicated airspeed, mph 

control force (stick force with subscript s, 
wheel force with subscript w), lb 

aileron hinge moment, ft-lb 

tab hinge moment, ft-lb 

spoiler hinge moment, ft-lb 

dynamic pressure, lb/sq ft (pv 2 / 2 ) 

mass density of air, slugs/cu ft 

ratio of mass density of air at altitude to 
mass dens it}/ of air at standard sea-level 
conditions 


span 

of 

aileron, 

ft 

span 

of 

bal ance , 

ft 

span 

of 

spoiler. 

ft 

span 

of 

tab, ft 
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c s 

root -me an- square of upper- surface width of 
spoiler, ft 

d 

distance from spoiler hinge axis to midpoint 
of upper-surface width of spoiler, ft 

d 

root-mean- square of distance from spoiler 
hinge axis to midpoint of upper- surface 
width of spoiler, ft 

t 

airfoil section thickness at aileron hinge 
line, ft 


root -mean- square of airfoil section thickness 
at aileron hinge line over span of aileron, 
ft 

t’ 

root-mean-square of airfoil section thickness 
at aileron hinge line over span of tab, ft 

a 

angle of attack, deg unless otherwise indicated 

Ua) p 

effective change in angle of attack caused by 
rolling velocity, deg 

6 a 

deflection of aileron, deg ■ 

AS 

a 

total deflection of right and left ailerons, 
deg 

6& cr 

critical aileron deflection; that is, deflec- 
tion at which plain-overhang or Frise 
balance is no longer effective in reducing 
slope of hinge-moment curve, deg 

6 t 

deflection of tab, deg 

6 f 

deflection of lift flap, deg 

^bp 

deflection of balance plate of internally 
balanced ailerons (positive when attached 
aileron is deflected positively), deg 

6 bp 1 - • 

1 lima 

limiting deflection of balance plate' when 
-‘ fc horizontal balance -chamber cover plates are 

used, deg 
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angular deflection of control (stick deflec- 
tion with subscript s, wheel deflection 
with subscript w ) , deg 

angle of sideslip, deg 

angle of yaw, dog 

trailing-edge angle at any aileron section, 
deg 


effective aileron 

distance from olane of 
wise station, ft 

distance from plane of 
of aileeon, ft 

distance from plane of 
end of aileron, ft 

distance from plane of 
end of tab, ft 

distance from plane of 
end of tab, ft 


angle, deg 
to any span- 

to inboard end 

to o'atboard 

to inboard 

symmetry to outboard 


trailing-edge 
symmetry 

symme try 

symmetry 

symmetry 


chordwise location of minimum pressure point 
for low-drag airfoils, measured in airfoil 
chords from leading edge 


moment arm of point of application of control 
force; that is, control stick length or 
control wheel radius, ft 


width of flexible seal of internally balanced 
aileron, expressed as a fraction" of the 
balance plate chord c-j-,-,-, 

gap between leading edge of undeflected balance 
plate and forward wall of balance chamber of 
internally balanced aileron, expressed as a 
fraction of the balance-plate chord c^ 

aspect ratio (b^/s) 
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\ 


M 


R 



wing taper ratio; ratio of wing-tip chord to 
wing -root chord 

Mach number; also, with subscripts 0, A, B, 
and so forth of figure 2i;., area moment of 
exposed-overhang -balance profile about hinge 
axis 


Reynolds number; also, with subscripts 0, A, 
B, and so forth of figure 2l\., nose radius 
of exposed- overhang balance 


factor used 
factor used 


in evaluating (Ac.) 

x- 

in evaluating ( ACy, j 

V a'LS 




^2 ' > F 5 * 



correlation factors 


ratio between angular deflection ex' control 

(stick or wheel) and aileron deflection with 
spring tab fixed 


k 0 ratio between angular deflection of control 

(stick or wheel ) and spring-tab deflection 
with aileron fixed 


k T 

k P 


ratio of control force to spring-tab deflec- 
tion 'when aileron is held fixed and air- 
speed is zero, Ib/deg 

helix-angle reduction factor resulting from 
wing twist 

helix-angle reduction factor re suiting from 
sideslip angle • 


helix-angle reduction .factor resulting from 
yaw ing ve 1 oc i t y 

helix-angle reduction factor resulting from 
tab deflection 
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The subscripts outside the parentheses of the foregoing 
partial derivatives indicate the factors held constant 
during measurement of the derivatives. 

value cf Ch . computed by means of lifting- 
G 

line theory 

value of CV computed by means of lifting- 
line theory 

lifting-surface- theory correction to (Cy, ) 

' ' ay LL 

aileron effectiveness parameter; effective 
change in section angle of attack per unit 
change in aileron deflection 

aileron effectiveness parameter for a trailing 
edge angle of approximately 10° and for 
Mach numbers approaching zero (values of 
fig. 18 ) 

aileron effectiveness parameter for a trailing 
edge angle 0 and for Mach numbers 
approaching zero 

aileron effectiveness parameter for Mach 
numbers approaching; zero 
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T r 


m e 


y 


"x 


aileron effectiveness 
number M 

helix- angle parameter 



rolling-moment- loss parameter 

wing torsional stiffness at station y, ft-lb/de 

radius of gyration about longitudinal axis; • 
fraction of wing span 


Subscripts It and st when used in place of the 
general subscript t, for tabs, refer to linked tabs 
and to spring tabs, respectively. 
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TABLE III.- SUPPLEMENTARY INFORMATION REGARDING MODELS HAVING CONTROL SURFACES 
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— 

— 

.36 

5.1 

Reference 42, model B-II 

□ 

Two-dimensional 

NACA 0009 

00 

— • t- 

.30 

— 

— 

.10 

1 . 1*3 

Reference 43 

o 










figs. 3 to 45 

Two-dimensional 

NACA 0015 



.30 



.10 

1.1*3 

Reference 43, 















figs. 59 to 68 

k 

Two-dimensional 

NACA 0015 (modified) 



zn 



.10 

1.1*3 

Reference 43, 





• pu 












figs. 69 to 75 

V 

Two-dimensional 

naca 66-009 

00 



.30 




.10 

1.1*5 

Reference 43, 









figs. 97 to 102 


Two-dimensional 

NACA 66-009 (modified) 

00 


.26 



.10 

1.1*3 

Reference 43, 








f 







figs. 103 to 106 

<3 

Semi span wing 

J Root, NACA 23015.5 
L Tip, NACA 23008.25 

} 5.6 

0.60 

.155 

0.579 

0.984 

.08 

1.51* 

Reference 42, model B-III 

> 

Quarter-span wing 

/Root, NACA 65 ( 223 ) -222, a = 1 JO 
\ Tip, NACA 65 ( 216 ) -I 4 .I 5 , a = 0.5 

l 12 

.32 

.23 

.641 

.945 

.11 

1.99 

Reference 42, model B-IV 

17 

Complete model 

Root, N-ACA 23015 
Tip, NACA 1*412 

7.2 

.42 

.206 

.500 

.960 

.11 

.80 

Reference 42, model B-V 



Frise balances 




O 

Two-dimensional 

naca 23012 

00 


on 



0.20 

2.8 

Reference 42, model A-I 





U .fcU 


— 

O 

Two-dimensional 

NACA conventional (aoprox. 

00 


.20 



.13 

1.91 

Reference 42, model A-III 

14 percent thick) 




O 

Semispan wing 

NACA 23012 

4.0 

1.0 

.20 

0.63 

1.0 

.11 

2.88 

Reference 42, model A -VI 

D 

Quarter- s pan wing 

f Root, NACA 65 (225) -222. a = 1.0 
j Tift NACA 65<2l6)-iU5, a = 0.5 

|l 2.0 

.32 

.23 

.641 

.91*5 

.11 

1.99 

Reference 42, model A-IV 

a 

Third-span wing 

NACA 66 - 3 erlea 

7.3 

.42 

.20 

.509 

.980 

.11 

2.35 

Reference 42, model A-V 
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TABLE IV.- SUPPLEMENTARY INFORMATION REGARDING MODELS HAVING CONTROL SURFACES 
WITH SEALED INTERNAL BALANCES 


CO 

o 


Symbol 

In 

figures 

55. 57, 58 



Aspect 

Taper 

c 

Location of 
control 
surface 

Air-flow 

characteristics 


Type of test 

Basic airfoil section 

ratio 

A 

ratio 

a* 

0 

2L 

b/2 

b/2 

M 

R 

Source of data 

o 

Two-dimensional 

NACA 0009 



n 



non 

1.1*3 * 10 6 

Reference 43, figs. 5 







and 58 

A 

Two-d lmens lonal 

NACA 0015 

00 



.30 



— 

.10 

1.1+3 

Reference 43, figs. 69 
and 84 

□ 

Two -d lmens lonal 

NACA 66(215 )-2l6, a = 1.0 

00 


.20 



.20 

2.8 

Reference 42, model C-VTI 




and unpublished 
Unpublished 

o 

Two-dimensional 

NACA 65,5-018 (modified) 

00 

.182 

on 

2.8 




.H* 


i t 

NACA 66(2x15 )-2l6, a = 0.6 


.161* 

1+.2 

. 

N 


00 




Reference 42, model C-I 

A 

Two-dimensional 

NA3A 66(215 )-2l6, a = 0.6 

00 

— 

.20 

— 

— 

.33 

9.5 

Reference 42, model C-IX 

V 

K 

Two -dlraens lonal 
Two-dimensional 

KACA 66(215 )-2l6, a = 0.6 

00 



.172 

.22 

— 

— 

.20 

9.6 

Reference 42, model C-V 
Unpublished 

U 


00 






< 

Third-span wing 

NACA 66-series 

7.3 

0.1*2 

.20 

0.509 

O.98O 

.11 

2.35 

Reference 42, model C-XV 

> 

Semispan wing 

(Root, NACA 23015.5 (approx.) 
[Tift NACA 23008.25 (approx.) 


.60 

.155 

.579 

.981* 

.11 

2.05 

Reference 42, model C-X 

a 

Complete model 

(Root, NACA 66(215)-l(ld5U=1.0 
[Tip, NACA 67(115 )-2l3, a=0.7 

i 5 - 4 

.60 

.25 

.5U 

.953 

.11 

.99 

Reference 42, model C-XVT 

□ 

Quarter-span wing 

(Root, NACA 65(223)” 222 , a=1.0 
[Tip, NACA 65(216 )-lA5, a=0.5 

jl2.0 

.32 

.23 

.61*1 

•9.1*5 

.11 

1.99 

Reference 42, model C-XIV 

o 

Semi span wing 

(Root, NACA 66,2-118, a=l .0 
[Tip, NACA 66(2x15 )-ll6, a=1.0 

J. 6.2 

.33 

:1?1 

.11*9 

.1*96 

.906 
• 977 

.11 

1.9 

Reference 42, model C-XI 

o 

Quarter-span wing 

(Root, Clark YH (19 percent thick) 
[Tip, Clark YH (12.2 peroent thick) 

K* 

.1+9 

.18 

.51* 

.93 

.05 

1.1 

Reference 42, model C-XVII 

o 

Semi span wing 

f Root, NACA 23015.5 
[ Tip, NACA 23008.25 

I 5 ’ 6 

.60 

.08 

0 

.981* 

.11 

2.05 

Reference 42, model C-XVIII 

Q 

Semi span wing 

NACA 23012 

U.o 

1.0 

.15 

.63 

1.00 

.05 

1.14* 

Reference 42, model C-XII 

0 

Vertical tail on 
stub fuselage 

NACA 66-series (modified) 

2.u 

.17 

.1*2 

0 

1.00 

.10 

1.51 

Reference 43, figs. 131 
and 138 

0 

Vertical tail on 

NACA 65-series (modified) 

2.17 





.21 

3.3 

Unpublished 


s tut- fuselage 





A 

Semi span horizontal 
tail 

NACA 65X-012 (modified) 

5.00 

.50 

.52 

.09 

.91*2 

.21 

2.76 

Unpublished 

C? 

Seraispan wing 

f Root, NACA 2l* 16 

[ Tip, NACA 144-12 

}6 .2k 

•1+3 

.20 

.Ujo 

.966 

.21 

3.38 

Unpublished * 
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TABLE V.- SUPPLEMENTARY INFORMATION REGARDING MODELS 
HAVING CONTROL SURFACES WITH BALANCING TABS 


Symbol 

In 

f ijjure 

Type of test 

Basic airfoil section 

Aspect 

ratio 

A 

Taper 

ratio 

A 

Location of 
control 
surface 

Location 
of tab 

c a* 

c* 

V 

t »/2 

0 

(deg) 

P 5 

Gaps 

Overhang 

balance 

Alr-flow 

characteristics 


lL 

b /2 

?o 

b /2 

£l 

b a 

£2 

b a 

V 



Control 

surface 

Tab 

Type 

c b * 
c • 

M 

R 

Source of data 

o 

a 

6 

o- 

3 

a 

Complete wing 

Clark Y 


3.0 

1 . 

0 

r 

0 .' 

.( 

roo 

>00 

1 . 

000 

0 

0 

.250 

.500 

0 

.250 

0 

1.000 

1.000 

.750 

1.000 

.500 

.750 

1.000 

0.1 

*00 

250 

0 .: 

.] 

LOP 

200 

r 

LOO 

0.1 

395 

13 

.0 

f 

1.000 

1.000 

.500 

1 

1.000 

Uns< 

saled 

Set 

Lied 

None 

None 

Frlse 

None 

l 

a 

0.095 

.095 

.330 

.095 

1 

0 . 

,11 

0 . 

.61 X 106 

Reference 60 

tt 

❖ 

A 

A 

Third-span wing 

/Root, NACA 66(215 )-2(13. 716) 
|Tlp, NACA 66(215 )-2( 13.125) 

)' 

.6 


52 

r 


>61* 

.974 

.900 

i 


0 

.156 

1 

.300 

.200 

.200 

■ 

200 

.190 

i 

.150 

.300 

.500 


L 60 

15 

15 

51 

.0 

.0 

.0 

l 

.216 

1 

Y 

.388 

.270 

.270 

Sealed 

Unsealed 

Sealed 

1 

See 

iled 

Internal 

Frlse 

None 

J 

3S 

.160 

I 


11 

2 . 

4 

Reference 42 
model E-VII 

□r 

Semispan wing 

/Root, NACA 66,2-118, a=1.0 
{Tip, NACA 66(2x15 )-ll 6 , a=1.0 

ir 

.53 

4 

•1*99 

1 

.894 

.894 

.940 

0 

4 

1.000 

.500 

.509 

:33 

.149 

.260 

.239 

.260 

•J95 

.200 

.195 

9.0 

4 

.950 

.399 

.376 

Sealed 

Sealed 

Internal 

1 

.688 

.563 

.688 


11 

\ 

1. 

9 

|, 

Reference 42 
model E-VI 

* 

s* 

V 

A7 

V* 

Serai s pan wing 

/Root, NACA 23 OI 5.5 
j Tip, NACA 23008.25 

5 

}j 

.6 

. 

1 

So 

.5 

79 

.c 

>84 

0 

0 

.667 

.333 

0 

0 

1.000 

.333 

1.000 

.667 

1.000 

.667 

.] 

. 

*55 


>00 

.110 

.124 

.095 

.110 

.102 

.117 

11.7 

13.1 

10.2 
11.7 
10.9 
12.3 

1.00 

.383 

.289 

.353 

.625 

.725 

So £ 

iled 

Sea 

led 

Non 

e 

.110 

.124 

.095 

.110 

.102 

.117 

• 

08 

1. 

5 

Reference 42 
model E-V 

0 

0 

Q 

Third-span wing 
Partial-span wing 

/Root, NACA 2213 
|Tip, NACA 2205 

li 

7 

.3 

/ 

.2 

ellip- 

tic 

.60 

.1 

, 

.1 

90 

43 

; 

•S 

r93 

f 

J25 

c 

J 

0 

) 

t 

.858 

.858 

.433 

.433 

.346 

1 

.1 

>2 

67 

.158 

n 

.324 

.376 

.122 

.122 

.127 

.127 

.158 

12.8 

12.8 

13.4 

13.4 

14.5 

.962 

.962 

.621 

.621 

.345 

Unsealed 

I 

Unsealed 

Sealed 

l 

Sealed 

None 

l 

Blunt nose 

.122 

.122 

.127 

.127 

hi 

• ' 

1 

06 

1 

1. 

J 

3 

r 

Reference 42 
model F-XI 

P 

K 

Semispan wing 
Senlspan wing 

NACA 1*3012 
/ Root, NACA 0015 
\Tlp, NACA 0009 

7.6 

U 0.8 
J 10.8 

1.00 

.26 

•26 

.1*22 

.561* 

•561* 

.892 

.965 

.965 

.355 

.011 

.011 

.645 

Hi 

. 1 S 8 

.121 

.130 

.25 

.236 

.236 

.130 

.145 

.145 

14.5 

10.1* 

10.4 

■291 

.245 

.435 

Unsealed 

Sealed 

Sealed 

Sealed 

Sealed 

Sealed 

Prise 

Internal 

Tnf.A r»n a 1 

•4-L 

.330 

.365 

• j 

.16 

.175 

2.5 

8-2 

Unpublished 

Unpublished 

Unpublished 

>3 

A- 

4 

Tail surface 
model 

NACA 0006 

3 

i 

.0 

.5 

1 

a v 

0 

1 


l.C 

I 

100 

c 

1 

1 

.686 

.385 

■& 

.564 

.10 

.20 

4 

.063 

.063 

.054 

.054 

7.0 

1 

.794 

1 

Unsealed 

i 

Sealed 

1 

Norn 

I 

B 

•3°?. 

.063 

.063 

.054 

.054 

•1 

J 

LL 

38 

l.J 

1 

2 

Reference 60 

O 

Semispan 
horizontal tall 

Semispan tall 

NACA 16-serles (modified) 

3.9 

3.9 

2 Q 

.58 

.58 

.01* 

.d* 

.953 

.953 

.I5p 

.094 

z 1 x 

.31*2 

.892 

-1*91 

.340 

.20 

.35 

.095 

.095 

8.2 

7.3 

.282 

.962 

Unsealed 

Sealed 

Sealed 

Sealed 

Blunt nose 
Blunt nose 

.260 

.500 

.11 

.11 

2.0 

2.0 

Reference 43, 
figs. 127 to 130 

o 

t* 

Horizontal tall 
mounted on 
fuselage 
Sew 1 q D&n 

NACA 0009 

^•7 

5.7 

4 

•S7 

•57 

4 

0 

4 

1 . 000 
1.000 

4 

•343 

.195 

4 

•554 

.834 

.318 

.306 

4 

.30 

.20 

4 

.152 

.093 

4 

14.1 

11.6 

4 

.225 

. 851 * 

4 

Sealed 

Sealed 

4 

Sealed 

Sealed 

4 

None 

Blunt nose 
1 

.152 

.093 

.35 

.50 

.08 

.11 

1 

2.3 

•5 

1 

Reference 6l 
Reference 62 

fc* 

a 

horizontal tall 
Tail-surface model 

NACA 0020 

3.1 

2.0 

1.00 

1.00 

0 

0 

.669 

*00 

0 

n 

.586 

.310 

.410 

.125 

16.1 

.585 

Sealed 

Sealed 

Blunt nose 

.280 

.11 

_X 

1.0 

Unpublished 

c 

<] 

Semi span 
horizontal tall 

NACA 0009 

3.0 

1.00 

0 

• 4wU 
1*00 

.193 

v* 00 
.679 

.40 

.300 

.200 

.200 

•447 

.093 

25.6 

11.6 

1.00 

.1*86 

Sealed 

Sealed 

Sealed 

Sealed 

None 

None 

0 

.093 

.05 

.10 

1.0 

1.43 

Unpublished 
Reference 63 


Partial-span wing 

l/d f I r' n 1 f .-,1 7 aa i i. L. i 

(Root, NACA 24-16 
| Tip, NACA 14*12 

} ti 

.50 

.50 

.167 

.167 

.950 

.950 

0 

.242 

.242 

.348 

.20 

.20 


.17 

.17 

19.0 

19.0 


Sealed 

Sealed 

Unsealed 

Unsealed 

Internal 

Internal 

.410 

•4lo 

.21 

.21 

3.38 

5.38 

Unpublished 

o 

/ercicai Cali, wltn 
stub fuselage 

NACA 65-series (modified) 

2.17 

.557 

,238 

.932 

0 

.533 

.350 

.209 

.120 

14.0 

.570 

Sealed 

Unsealed 

Internal 

.325 

.21 ; 

3.30 

Unpublished 

P 

Semi s pan 
horizontal tall 

NACA 65^012 (modified) 

5.00 

.50 

. 091 * 

.943 

0 

.413 

.32 

.20 

.131 

16.0 

.545 

Sealed 

Unsealed 

Internal 

•4io 

.21 ; 

2.76 

Unpublished 

o 1 

/ertical tall with 
3 tub fuselage 

NACA 0009 

2.1*0 

.50 1 

0 

1.000 

.141 

.340 

.25 

.25 

.10 

19.0 

.253 

Unsealed 

Unsealed 

Blunt nose 

.360 

.40 : 

1.9 

Unpublished 
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Table VI.- SUPPLEMENTARY INFORMATION REGARDING THE FIGHTER-TYPE AIRPLANES FOR WHICH 
ROLLING- PERFORMANCE CHARACTERISTICS ARE PRESENTED IN FIGURES 1+6 AND ltf 


Airplane 

Wing-aileron 

arrangement 

Typo of 
aileron 

Wing span 
(ft) 

n 

b/2 

_^a_ 

b/2 

fa 

c 

Focke- 

Wulf 

190 

1 

i 


Frise 

54.5 

0.57 

0.1*3 

0.20. 

Typhoon 

1 

i 


Frise 

1+1.58 

.595 

•35 


Spitfire 
(normal 
wings ) 

1 

i 


Frise 

36.92 

.1*95 

.375 

.165 

Spitfire 
(clipped 
wings ) 

j 

1 


Frise 

52.5 

.563 

.1*25 

.163 

Fi+F-3 

1 

1 

1 


Frise 

38 

.6875 

.275 

.225 

F6F-3 

1 

1 

1 


Frise 

with 

spring 

tab 

1*2. 83 

.61* 

.30 

.20 

P-39D-1- 

BE 

1 

1 

1 


Frise with 
balance 
tabs 

3i+ 

•55 

.376 

.175 

P-1+7C-1- 

RE 

i 


Frise 

1+0. 78 

.51+ 

.1+08 

.18 

Japanese 

Zero 



Frise 

39.33 

.37 

.51*5 


Mustang 

XP-51 



Plain with 
balance 
tabs 

37.03 

.61 

•355 

.187 

P-51B-1- 

NA 



Internal 
balance 
and seal 

37.03 

.61 

.355 

.187 

P-63A-1- 

BE 



Internal 
balance 
and seal 

38.33 

.1*1*2 

.525 

.15 

P-l+OF 



Beveled 
Frise 
and seal 

37.5 

•51*1* 

.368 

.20 
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Fig.. 1 



O O /O' 

£ffecf/ve aspect rof/o ? ^ J 

F /pure /. - Ffarf foe deferrrt/n/np ra/ues of 

damp/np coeff/c/onf C2p of round - f/pped 
w/ngrj . Reference // . 



Fig. 2 
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for wings having taper ratio5 between 0.25 and 
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Constant- percentage -chord a/ferons. Perived 
from reference if . 
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Fig. 3 
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Aspect ratio, A 


Figure 3- Chart for determining the effective 
change in angle of attach , caused by steady 
ro// } at the ai/eron . Outboard aileron -tip locations 
between 0.9 ^ and 10 -%r . Derived from reference I / . 



ffat/'o of ro///ng criterion for ■ pb/RV 

ffex/ib/e rv/ngfo ft?at for r/g/cf rv/ng f?o///ng criterion , A ^ 


Fig. 4 
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figure 4- fdr/at/on w/tb /r?d/cafed airspeed of catca/cr fed 
effect of wing f/exibi/ity on ro///ng.f D -fe7C-ff?E 
rrirp/erne-y rx 6 a =3°; aft/ f i/de =» 4000 feef.Reference If. 
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Taper ratio, 
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Relative location of inboard ai/eron ftp, ^ 

Figure 5. -Values of the rot ting -moment- toss 
parameter T ' for wings having aspect ratios 
between 3 and IS and outboard aileron- tip 
locations between 0.8 Af and f.O ^ . Derived from reference! 3. 



Figure 6.- Variat ion of Zcr ^ w/ff? a/fifude 
and with g/F/ -M*- . /Reference /j>. 
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Altitude , ft 

Figure 7. -Effect of attitude on time required 
fo bank to 45° and to 30° with constant 
rotting -moment coefficient and with constant 
hinge moment, f, 530 miles per hour . Reference 24. 


!A 



.06 .08 .10 J2 .14 .16 


Radius of gyration, k%, fraction b 
Figure 8 .-Effect of radius of gyration in 

rot/ on time required to bank to 45° and 
to 30 °. Constant rotting - moment 
coefficient . Reference 44. 
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Figure S ' Time history of a 
typical rudder-fixed aileron 
roll made with ailerons 
partly deflected to determine 
ro/tina performance, national advisory 
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Figure tO. - Time history of a 
typical rudder- fixed aileron 
rot/ made with aiferom fui/y 
deflected to determine 
adverse yaw. 
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2 3 

w* 

figure / ’/.-Chart for determining /if ting -surface - 
theory correction to the s/ope of the curve of hinge - 
moment coefficient against ang/e of attack . Reference //. 
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Fig. 12 



figure id. - Variation of trailing -edge angle with airfoil thickness 
for several series of NACA air foils . Trailing -edge angle 
measured between lines drawn from airfoil surfaces at 
trailing edge to airfoil surfaces at 0.98 c . 
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Figure I6r Effect of trai ti ng-edge ang/e 
on the lift-curve slope, relative to the 
lift -curve slope at zero trailing-edge 
angle, of two-dimensional airfoils. Gaps, 
sealed-, M, 0.34 or less. Symbols identified 
m table JJ . 


Figure 17.- Effect of aileron nose gap on the 
lift -curve slope, re/ative to the tiff -curve 
slope with gap sealed ' of two -dimensional 
mode/s. M, 0.2 or less. 
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F yure dd. - Comparison of characteristics of original 
ailerons and modified ailerons on XP-5f airplane, 
doth sets of ailerons equipped trill? balancing fabs i 
ai/eron nose gaps unsealed. 
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Figure 24. - Various nose shapes considered in correlation 
of plain - o verhanp and Frise balances and corresponding 
expressions for nose - shape facior . 
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Figure 25.- Charts for determining numerical values of 
overhang factor F, and of nose -shape factor F? from 
geometric constants of balanced ailerons. 
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Figure 27. — Charts for estimating the required lengths of 
overhangs having various nose shapes. Letters A, 
B ) C , and D refer to the corresponding nose 
shapes of figure 24. 
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F/gure 23. — Variation of critical deflection with factor for control (Surfaces 

witm plain-overhang and Frise balances .m ,0V to 0. 2: oc ? 0°. Symbols identified m 
table UI * plain symbols , open gaps j flagged symbols } sealed gaps . Reference 46 
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r <gure £9 .'Variation of iift-effeciivenes parameter , re/at/ve to 
lift -effectiveness parameter for pfafn-sea/ed ailerons , with the 
product FjFg'cmd with nose gap . O.for /ess- faired cur yes 

from figure 6 of reference 46 . 
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Figure 30.- summary of results of flight tests of the original ailerons an<l various modified 

ailerons of the XF4U-1 airplane. 
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Figure JS.- Effect of sealed interna/ balances on the hinge-moment parameters 
of control surfaces. M, 0.6 or less. Symbols identified in table U . 
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Figure 38rfftect of ieubuge orrtbe 
incremen/ai binge-moment s/ope AC/? 6 
caused by interna/ b dunce 5. Symbols 
identified in table Hi. 
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figure TO. -Charts for era/ua'T/ng The fore for. s T}, ard f} used in The corre/aThn of Tab data 

on finite -span models. 
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figure 4t. -Effect of /inked tabs on tbe b/nge - 
moment parameter . finite -span data from 
reference 4~j. Symbols iden tiffed in table Y . 
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Fig. 43 



A irp ia ne cons fonts 


Wing span , b, ft 43 

Wing area > 5 , sq ft 306 

Aspect ratio, A.i 6.0 

Toper ratio } A 5 

Root airfoil sect ion. -.M AC A 230/5 

Tip oirfoit section /VAC A 23009 

A irplane weight, ib 12,000 

Stick length , ft 233 


NATIONAL ADVISORY 
COHHITTEE FOR AERONAUTICS 


Figure 43 • -Wing plan form and airp/ane 
constants for assumed fighter airp/ane . 
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- c : 4- f 

figure 4 4r Comparison of the effects of the i/ar/ous aerodynam/c balances on the ai/eron 

hinge- moment parameters of the airplane wing of figure 43 • c Cf /c ) 0.Z5 ; incremental 
hinge- moment parameters estimated from correlations . 
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Fig. 45 




60 

40 

20 

0 












































Cc) Sealed internal balance. 



2 domic. 


















0 

\ 

V 
















2 up. 


N> 























0 . 0 / 


.01 .03 .04 .05 .06 

Helix angle, 0 , radian 


.07 .08 .09 .10 

NATIONAL' ADVISORY 
COMMITTEE FOR AERONAUTICS 


figure 45. - Effects of changes /n aileron r/gg/ng on die 
estimated stick forces ora high-speed fighter airp/ane. 
l/ c - ,500 mi /es per hoar ; no differential in linkage system. 
Reference 64 ■ 
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Indicated airspeed > Vi, mph 

Figure 46 . - Variation with indicated airspeed of he Hr angte 
pb/pV obtainable with 50 -pound sfick force . Attitude } 
top 00 feet . 
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160 180 800 880 840 860 880 300 380 340 360 380 
Indicated airspeed 1 0 , mph . 

Figure 47 . - Variation with indicated airspeed of rotting 
velocity obtainable with 50 -pound stick force . 

Attitude , 10,000 feet. 


Fig. 48 
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Aileron deflection , 6 a , deg 
too c,/‘. (f)oc,/S°. 

figure 48. -Effect of f/ap position on the characteristics 
of a f/ap -/railing -edge ai/eron . /Reference 67. 
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Fig. 49 



(a) cc , /° . (b)cc,/5°. 

Figure 49 . - Effect of retractable -flap position on the 
characteristics of a narrow -chord conventional 
a iter on . /Reference 7/ . 
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I I I I I 


0 .04 .08 J8 .16 .80 .84 .88 .38 .36 .40 

c a /c 

Figure 50 .-Comparisons of theoretical hinge -moment 
parameters for viscous and potential f tow. Unpublished data. 


Section lift coefficient, 9 Aileron section hinge- 

’*■ ^ ^ ** ^ *** moment coefficient, c* 





Aileron deflection , S 0l deg 

Figure SI. - Comparison of effects of roughness strips on section characteristics of an aileron 
having various trailing-edge angles. R, 4*/0 6 ; a ,0°. Unpublished data. 
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Figure SZr Effect of roughess strips on the characteristics of a semispan horizontai-taii mode/ having a modi fieri 
hiAC A 65,-012 airfoii section. A„S.O ; / \,0.5; / ?, 2.8 */0 6 [At ,0.2. Unpublished data . 
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Fig. 53 



CT ~~ - 35 * 




(a) Frise aileron f reference 74 )■ 



(b) True contour plain a Heron on MAC A 
66,1-/15 airfoil (unpublished). 



(5ap=.OOZ/c 

Hinge point 

, 0 - 30 ° 


(c) 3 eye Zed aileron on NACA 66,1-115 
airfoil (unpublished ) . 
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f/gu re 53. ~ Croce sections of two-dimensional models 
with O.ZOc aa’/erntTS tested in the Langley 8’ foot 
/ngr/i- speed tunnel- 


Fig. 54 
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F. tgure ti4.'/zF/ec/ oF A/acb number on /be sec/Zon normal -force parameters 
c n<x a no/ c n<s oF /be uz/erons shown Zn figure FJ. 



Mach number , /V 

figure 55 . ~ fffect o-f ffach number on /he effectiveness paramefersj 
relative to the effectiveness parameters at zero Alach number , for the 
a/ Zero ns s honn in figure 53 . 
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Fig. 56 


NACA TN No. 1245 





0 ./ 2 .3 .4 .5 .6 .7 .8 

Mach number, M 

fagot re 56.~ fa f fee/ of Mach notmber on /he sec //on h/nge- 
momen/ faaname/ers and C/, 6 of /be /free a/'/erons 

shown /n f/gotra 53 . 
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F/gure S 7 ■ - Fffect of Mach number or the /rcremertot changes 
/n the sect/ or h/nge -moment parameters per degree charge 
/n tra/t/rg - edge ang/e ■ 
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Figure 08 ■ - £ ffecf of Much n umber on the esti mo fed finite -span 
hinge -moment charocfer/st/cs and the estimated sf/ck -force 
characteristics if or 6 a = ±3°) of a fighter airplane (f/g .43) equipped 
with each of the ai/erons of figure 53 . )0A2‘ } c a Jc ) 0-20 j d6 a /dQ s ; 0.832 * 


Fig. 58 NACA TN No. 1245 


ABC 



Section A- A Section B-B Section C-C 



(a) Interna! pressure, positive. 




(b) Interna! pressure , negative. 


<C 


NATIONAL ADVISORY 
COMMITTEE FOR AERONAUTICS 

Chord wise sections midway between ribs Span wise sections between ribs 

(c) Internal pressure , static. 

figure j 59- ~ Typical changes in av/eron con four caused by surface -cowering distortion 
at high airspeeds . Reference 15 . 
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0 ./ f .3 .4 .3 .6 .7 .8 

flach number M national advisory 

COMMITTEE FOR AERONAUTICS 

Figure 60- - Effect of Mach number and altitude on the change in 
stick force per degree change in frai/ing -edge ang/e for ±f>° 
ai/eron deflection - Assumed oirp/ane of figure 43 • -£sl > 0 42 > 
c a /c , 0.Z0 ; d6 a /d& s ; 0.833. 6/2 


Fig. 60 NACA TN No. 1245 



(a) Aileron in up position. (b) Aileron in down position. 

Figure 61.- Photographs showing distortion of upper surface of a production 
P-40F aileron during flight at an indicated airspeed of 350 miles per 
hour. Narrow lines indicate locations of every second ribj lower edges 
of broad lines indicate centers of panels. 
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Fig. 62 



(a) Hinged- flap spoiler. 

rS poller hinge ax/s 



(b) Retractable - arc spoiler. 



(d) Slot- 1 ip ai/eron( type B). 

c 



(e) Plug aileron. 
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Figure 62 . -JAefcfes of iypicai jpoi/er -type 
/a feral - con fro/ oieu/'ees . 


■ 



Fig. 63 
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Location of spoiler edge or aileron hinge, fraction c from airfoil leading edge 
f/gare 63 .- Comparison of effects of chordwse location of spoiler 
edge or of aileron hinge on the paramefer fac / ^ / /sccJ c ^ 
of spoi/ers and of plain sealed ailerons . /deference 55. 




Airfoil Reference 

a NACA 0009 Unpublished 

* NACA 230/2 55and 16 

e NACA 66(2I5)-2I6 Unpublished 
A NACA 66 series 17 

a Clark Y 18 
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Fig. 64 




P/gure 6 4. - Wing p/an form ana/ wing sac/ ion showing 
spoi/er arronganoenf on P-6/ a/rp/ane • 
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Left Right 

Control- wheel deflection , 6> w ,deg 
65 Lateral -control character/st/cj of P-6t 
airplane. Unpublished data. 
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Fig. 66 



Projection of plug -type spoiler aileron, fraction c 
(a) cc, i° . fb) a , !5‘ 

E/gure 66 . - Effects of tiff flaps or? the characteristics 
of a plug- type spoiler a iter or? . f?eferer?ce 79. 
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Fig. 67 
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/- Spring 
rmsm 


Free fink 



(c) Geared spring tab. 
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Figure 6 7 . - Arrangements of tab -type 
a/teron booster mechanisms . 


Stick force for full Stick force for fu/t 

a Heron deftectbn , lb ai/eron cfef/ecf/on , fb 
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Figs. 68,69 



..... , . . , NATIONAL ADVISORY 

Indicated a/rspeed } /[, mpn committee for aeronautics 

Figure 63- Comparison of stick- force characteristics 
of a plain ai/erop an aileron with a spring tab , and 
an aileron with a servo tab - 



~Fldih aileron 

Aileron with spring tab 
Tab unbalanced 

f-Tab neutral ty balanced 
r-Tab overbalanced 


Aileron with servotah 
Tab unbalanced 

Tab neutrally balanced 
rffab overbalanced 


300 


400 


, y . , / / , NATIONAL ADVISORY 

Indicated airspeed; J mpn committee f <» aeronautics 

Figure 69. - Effect of aerodynamic ba/ance of tab 
on stick- force characteristics of aileron with 
spring tab and of aiieron with servotab. 





Indicated airspeed , If/ } mpt? 

F /'pure 70. - Comparisons of ro///ng performance of F 6F -3 
a/rp/ane with or /pi no/ ai/erons and w'/fh spring -fob 
a/ierons . Stick -force iim/t ? SO pounds . Unpublished data 


Fig. 70 NACA TN No. 1245 
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Fig. 71 



Aileron chord ratio, c a /c 

Figure 7/ .-Aileron configurations estimated to be capable of 
producing a pb/dif of 0.09 with 30 pounds stick force at 370 miles per hour 
for airplane of figure 43. & a , t/?°. 8„, F5‘ ■ S sf) i/5° ; cp/^',075; 
csi/ca',0.75; 0 5nH3X ,l4.8°. 
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0 10 20 30 40 60 60 


Angle of sweepback,. A, deg 
Figure 72. -Ft feet of angle of sweepback on rolling- 
moment coefficients produced by f tap -type 
ailerons and by spoilers . c a /c , 0. 20 j Jg, * 0.5 , 
~ 0^ -spo/ter at 0.7c . Reference 9r. 
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Angle of sweepback, A, deg 
Fgure 7J. -Effect of ang/e or sweepback on variation 
of rolling -moment coefficient w/tb ang/e 
of yaw. Reference 9! . 
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Figs. 72,73 NACA TN No. 1245 


